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CHAPTER 1 
INTRODUCTION 

INTRODUCTION 
1,1. RNA processing in euknryotic cells 
During the past years it has become evident that gene expression in eukaryotic 
cells is controlled at several levels. The most frequently used level of control is 
DNA transcription. Several factors are known to be involved in regulating if a gene 
is transcribed and at which rate: Chromatin conformation, the regulatory action of 
hormones or specific proteins that influence the rate of initiation of transcrip­
tion, promoter, TATA box and upstream sequences, DNA methylation, premature termi­
nation of transcription (for reviews see 1-3). 
Transcription of genes is, however, no guarantee for the production of the corres­
ponding protein products in the cytoplasm, as can be concluded from the presence 
of large amounts of RNA polymerase II transcripts that stay inside the nucleus and 
for unknown reasons never reach the cytoplasm as stable mRNAs. This locates a se­
cond level of control at the processing of nuclear RNA, where it is determined if, 
and in what way, the primary transcript is processed to mRNA, A role for RNA pro­
cessing in controlling gene expression has become evident in several cases. Diffe­
rent sites of polyadenylation and different splicing pathways for transcripts of 
one gene or one transcription unit enable the production of several mRNAs, each 
coding for a different polypeptide. Examples of this regulation for viral as well 
as cellular transcription units have been described: Both transcription units of 
SV 40 and polyoma virus, most transcription units of adenovirus type 2, the produc­
tion of immunoglobulin μ chain mRNAs, the expression of α amylase genes in salivary 
gland and liver, and of the cytochrome В gene in yeast mitochondria (1,4). 
Other levels of control are localized in the cytoplasm and comprise differential 
stability and different translation efficiencies of cytoplasmic mRNAs. 
Soon after initiation of transcription by RNA polymerase II the processing of 
the nascent transcripts starts with the addition of a 5' terminal cap (1,4,5). The 
function of another processing event, methylation, which finds its substrates in 
the cap structure and its neighboring nucleotides and in less than 0.5% of the in­
ternal adenosine residues, remains obscure (1,4,5). In higher eukaryotes post-trans-
criptional 3' poly A addition (segments of 180-200 nucleotides) takes place after 
cleavage of the (nascent) transcripts, as transcription proceeds beyond the poly A 
addition site. The signal for this cleavage (nucleotide sequence AAUAAA) is found 10-
25 bases upstream (1,6,7).Finally, although the order of the processing steps is not 
firmly established yet, RNA splicing takes place. From the large primary transcripts 
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selected internal sequences (introns) are spliced out and the residual pieces of 
information (exons) are li gated to make the mRNA molecule. Thus, after splicing the 
eukaryotic mRNA is composed of segments transcribed from non-contiguous pieces of 
the genome. 
The progress made during the past few years in the study of the mechanism of 
mRNA splicing is only limited. No well working in vitro RNA processing system, 
which might be crucial in these studies, has been developed. Some recent reports 
describing in vitro transcription/RNA-processing systems show that although accu­
rate polyadenylation occurs the level of RNA splicing is low (7,8). Another system 
displays correct synthesis and correct cleavage of pre-mRNA , derived from a cloned 
adenoviral early transcription unit, but unfortunately ligation activity could not 
be detected (9). Impressive progress has been made in the study of non-nuclear mRNA 
processing in yeast mitochondria. Introns in the yeast mitochondrial cytochrome В 
gene have long open reading frames in phase with preceding exons. An mRNA maturase 
is encoded by fused RNA transcribed from the upstream exons into the downstream 
intron. The maturase destructs its own message by splicing the intron out and its 
synthesis is thus autoregulated. Additionally, a maturase can also be involved in 
the processing of the RNA from another split gene (10,11). An interesting contri­
bution to the study of nuclear RNA processing has come from reports on snRNA and 
human autoimmune sera directed against snRNA-protein complexes. SnRNA Ul has been 
postulated to function in mRNA splicing by bringing donor and acceptor sequences 
together by hybridizing to splice junction sequences of the intron. These regions 
include the consensus sequences, obtained by comparison of the nucleotide sequen­
ces of a large number of splice junctions (12). They can theoretically form a hy­
brid with the 3' end of Ul snRNA (13,14). Moreover, antisera directed against Ul 
snRNA-protein complexes seemed to be able to inhibit splicing of early adenoviral 
RNA in an in vitro assay (15). Definite proof for the hypothesis still has to be 
provided . Recent experiments of Mariman et al. (16) indicate that in the case of 
late adenoviral RNA processing multiple preferred cleavage sites perintron are 
present, indicating that introns might be excised in several steps. This mechanism 
could explain why excised introns never have been detected. 
Many important aspects of the RNA splicing machinery remain to be elucidated. 
One of the important questions is how exon boundaries, that may well be thousands 
of base pairs apart, are brought together for correct splicing. The structural 
organization of hnRNA is probably of great importance in this process. 
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1.2. Pre-mRNA is organized in hnRNP complexes 
It is known for many years that heterogeneous nuclear RNA (hnRNA) in eukaryotic 
cells is complexed with proteins (17-20). Already during transcription of the DNA 
by RNA polymerase II»ribonucleoprotein (RNP) particles can be discerned as 200-300 
о о 
A beads on 40 A lateral fibrils extending from a DNA axis. Several RNP particles 
are usually present per transcript resulting in large hnRNP complexes (polyparti-
cles), which have sedimentation values ranging from 30 to 250 S. Isolation proce­
dures for hnRNP particles, however, result mostly in heterogeneously sized 30-40 S 
particles due to endogenous ribonuclease action during the isolation. The polypep­
tide composition of 30-40 S monoparticles, particularly those of HeLa cells and 
rat liver cells, and the topological arrangement of the polypeptides within the 
particles, have been the subject of extensive studies performed by W.LeStourgeon 
and collaborators (21) and T.Martin and collaborators (22). It should, however, be 
realized,that it is not clear to what extent these isolated particles represent in 
vivo existing RNP structures, or how they can be related to the structures seen in 
spreading experiments.Si χ major polypeptides, Al and A2 (Mr 32,000 and 34,000), Bl 
and B2 (Mr 36,000 and37,000) and CI and C2 (Mr 42,000 and 44,000), constitute about 
75% of the protein mass of the particles isolated from HeLa cells (23). The parti­
cles consist for 85% of protein and contain about 500-700 nucleotides of RNA (21). 
The Al and A2 polypeptides, which are present in a constant 1:1 ratio, have basic 
isoelectric points (9.2 and 8.4). They haveahigh content of glycine (23 mole per-
cent) and contain the unusual residu N N -dimethyl arginine. The polypeptides 
Al and A2 are very similar but one polypeptide is not a modification of the other 
(24). The polypeptides Bl and B2 are related and their ratio is variable. Immunoflu­
orescence experiments using anti-B-protein antisera on Drosophila polytene chromoso­
mes localize the В proteins at transcriptionally active sites, coinciding with the 
localization of RNA polymerase II (25). CI and C2 are present in a ratio of approxi­
mately 2:1. Both polypeptides are phosphorylated and have an isoelectric point pH of 
6.5, They are tightly associated with the RNA, as was shown in salt dissociation 
studies, where the C-proteins stayed attached to the RNA at NaCl concentrations, 
which dissociated A and В proteins from the RNA (24). The C-proteins can be released 
from RNP particles together with most of the RNA by ribonuclease action. In recon­
stitution experiments, RNP particles morphologically resembling 30 S particles can 
be obtained using RNA and A and В proteins only (T.Martin, personal communication). 
An hnRNP protein (HD40) isolated from Artemia Salina, resembling Α-proteins of HeLa 
hnRNP in high glycine content and the presence of dimethyl arginine, was found to 
have RNA helix destabilizing properties (26). RNA in Artemia 30 S particles was 
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found to be unstacked, probably by the action of this protein. 
There is no general agreement on the composition of hnRNP polyparticles or large 
hnRNP complexes. On the polypeptide composition of hnRNP a lot of confusing data 
have been reported (19,20,29-35). Next to the six core proteins present in mono-
particles, a varying number of polypeptides with molecular weights ranging from 
20,000 to 150,000 dalton have been found in large particles. This can either mean 
that many polypeptides interact with hnRNA in the nucleus or that a lot of proteins 
that are aspecifically associated with the particles or bound via protein-protein 
interactions, are copurified (see also 29). One of the possible explanations may 
reside in the association of hnRNP complexes with a structural nuclear framework 
(see below). In contrast to the RNA in monoparticles the hnRNA present in polypar­
ticles or nuclear matrix preparations can be very large (36-39). SnRNAs, evenso 
associated with several proteins, are found to be components of hnRNP complexes as 
well (27,28). 
The localization of RNP particles along nascent transcripts, when studied in the 
electron microscope, does not show a regular pattern as can be observed for nucleo-
mes on DNA. Nor seems the RNP particle localization random with respect to the RNA 
sequence, as for transcripts derived from the same transcription unit the RNP struc­
ture shows similar morphology, whereas products from other transcription units show 
a quite different RNP organization (40-42). These observations suggest that there 
might be a relation between RNP structural organization and RNA processing. 
1.3. The nuclear matrix, structure and function 
When isolated nuclei are depleted of their membranes, soluble molecules and chro­
matin by subsequent treatments with detergents, nucleases and high salt, a structu­
ral framework, referred to as nuclear matrix,remains (43-45). The isolated nuclear 
matrix consists of three morphologically distinguishable structural elements: (a) a 
peripheral layer, which represents the remainder of the nuclear envelope and con­
tains pore complexes in association with a lamina, (b) residual nucleoli and (c) 
internal grano-fibrillar structures. The peripheral pore-complex-lamina has been 
isolated separately and its polypeptide composition has been determined (46-55). In 
higher eukaryotes three distinct polypeptides, the lamins А,В and С (Mr 60,000-
70,000) can be discerned. A and С are structurally and immunologically related. La-
min В seems to be involved in anchoring the lamina to the nuclear membrane. When the 
lamina is reversibly depolymerized during cell division, the lamins A and С become 
soluble and spread over the wholecell, while lamin В remains associated with mem­
brane fragments (56,57). Surprisingly, none of the three major nuclear envelope 
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polypeptides seems to be specifically present in the nuclear pore complexes, indi-
cating that these structures are probably composed of several minor nuclear envelo-
pe polypeptides (58). 
Another structural element of the nuclear matrix, the chromatin depleted nucleo-
lar residue,has recently been isolated from amphibian oocytes (59,60) and shown to 
consist of mainly one polypeptide with a molecular weight of 145,000. 
About the structural polypeptides forming the intranuclear fibro-granular net-
work little is known yet. The limited number of studies performed indicate that a 
complex set of proteins may be present in the intranuclear structures (61-65). Ex-
perimental evidence which of these polypeptides form the structural backbone is 
lacking, although a recent report of Capeo et al. (63) showed that actin, in a non-
mi crofi lamental form, is a main component of the matrix. The lack of evidence for 
the presence of specific intranuclear proteins has increased the discussion about 
the reality of the internal matrix structure. It has been suggested that aggrega-
tion or precipitation of nuclear proteins or disulfide bridge formation between 
nuclear proteins during cell fractionation could cause the artifactual formation of 
the internal matrix structures (66, L.Gerace and T.Martin, personal conmunications). 
However, evidence is now accumulating that the internal matrix represents a protein 
structure existing in the intact cell (61,63,64,67-72). This will be discussed in 
more detail in chapter 2, where it is shown, that the internal matrix structure of 
HeLa cells does not depend on RNA for its structural integrity, that disulfide 
bridge formation can not be responsible for the formation of the residual intra-
nuclear structures, and that specific proteins are localized internally in the iso-
lated matrix in a similar way as in intact cells. Recent studies,in which the three-
dimensional structural organization of isolated matrices is viewed using electron 
microscopy on whole mount preparations instead of thin sections, corroborate the 
conclusion that the internal nuclear protein structure is a reality (63). 
Additional indications for the existence of an intranuclear structural frame-
work can be deduced from studies of its functional aspects. One of these possible 
functions is the attachment of replicating DNA to fixed sites inside the nucleus, 
which is now amply documented (73-78). The concept of the anchorage of DNA loops to 
a fixed matrix seems also valid for metaphase DNA. In experiments performed by 
Laemmli and collaborators, it was shown that so called protein "scaffold" structures 
which are stabilized by metalloprotein interactions, form the attachment sites for 
metaphase DNA. Two major polypeptides of 135,000 and 170,000 Mr were found to be 
the major constituents of these scaffolds (79,80). By the same group experimental 
evidence was presented that there are two levels of DNA binding in interphase nuclei 
15 
: to the peripheral lamina and to the internal matrix (69,70). The latter type of 
2+ interaction is dependent on the presence of Cu , as the internal matrix proved to 
be very labile in the absence of this cation. Chelating agents or high concentra­
tions of 2-mercaptoethanol destroy the internal structure. Thus, the internal nu­
clear protein structures seem to be stabilized by metalloprotein interactions, 
analogous to the metaphase scaffolds. This suggests a possible relationship be­
tween intranuclear matrix and metaphase chromosome scaffolds, which points to a 
function in chromosome condensation. 
Several studies have been performed to identify the sequences of DNA interacting 
with the nuclear structures at the anchorage sites. Bowen (81) showed that the DNA 
sequences associated with the chromosome scaffold are not enriched in middle and 
highly repetitive sequences. The same was shown for the interphase matrix by Basier 
et al. (82). Kuo (83) reported that scaffold associated DNA is not a unique class 
of genomic DNA, and enriched nor depleted in ovalbumin gene sequences. In contrast, 
it was found that the transcriptionally active ovalbumin gene is preferentially 
associated with the interphase matrix in chicken oviduct, whereas in an inactive 
form in liver this preferential association was not found (84). Similar results were 
obtained by Cook et al. (85) for active viral genes in transformed cells. This loca­
lization close to the nuclear matrix was, however, not found for gl obi η gene sequen­
ces in chicken erythroblast cells (86). Nevertheless, the association of actively 
transcribed genes with the interphase matrix suggests a relation between matrix as­
sociation and transcription of a gene. 
The association of specific receptor proteins for hormones that modulate gene 
expression to the matrix seems to support the idea that transcriptional activity is 
localized at fixed sites inside the nucleus, for the hormone-receptor complexes are 
presumed to bind to specific sites near genes that regulate transcription (87-89). 
Nuclear "cage" associated RNA synthesis has been reported by Jackson et al.(90,91). 
Based on their studies they propose a model, in which RNA transcription takes place 
at fixed sites, implicating that the transcribed DNA moves through these fixed com­
plexes. Several years before, it had already been reported that completed transcripts 
i.e. heterogeneous nuclear RNA as well as nuclear (pre)ribosomal RNA, were not pre­
sent in freely floating RNP particles in nuclei, but are bound to nuclear structures. 
When RNase treatment during nuclear matrix isolation was omitted»hnRNA or nuclear 
rRNA could almost quantitatively be recovered from the isolated structures (61,68, 
92-95). 
All these data indicate that several important processes in the nucleus do not 
take place in the nucleoplasm but are localized at fixed sites inside the nucleus. 
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1.4. Aim of this study 
In the experiments described in this thesis some aspects of the structural orga­
nization of pre-mRNA in HeLa cells were studied with the objective to determine the 
relation between the structural organization and the processing and transport of 
hnRNA. In our experimental procedures special care was taken not to disrupt possi­
bly existing, highly ordered structures to which hnRNA might be bound. After the 
removal of chromatin from membrane depleted HeLa nuclei, nuclear matrix structures 
containing intact hnRNA could be isolated. To exclude the possibility that the iso­
lated matrix structures are isolation artifacts, it was our first concern to cha­
racterize the isolated structures and to show that they represent in vivo existing 
structures. This has been worked out in Chapter 2. The association of hnRNA with 
the nuclear matrix is described in Chapter 3. Studies were performed to characte­
rize the proteins associated with hnRNA in the intact cell and in the isolated ma­
trices. Some of these proteins are possibly involved in the interaction between 
hnRNA and nuclear matrices. A novel technique for the identification of protein 
associated with RNA in vivo was employed: RNA-protein cross-linking by irradiation 
of intact cells with high doses of ultraviolet light (96). This proved to be a very 
useful tool in further experiments. 
To relate hnRNP structure to RNA processing, the structural organization of a 
specific class of transcripts containing a limited set of pre-mRNAs had to be stu­
died. In HeLa cells, late after infection with adenovirus type 2, a large amount 
(60%) of the newly made transcripts is virus-specific (97) and, moreover, predomi­
nantly derived from one promoter. Their processing pathways are known (98). In 
Chapter 4 it is described how cross-linked hnRNA-protein complexes containing 
adenovirus-specific RNA can be purified. The structural organization of virus-spe­
cific hnRNA is compared with host hnRNA in order to determine in what respect it 
can be studied as a model system for normal cellular hnRNA. Some indications for 
the sequence dependent interaction of proteins with hnRNA are presented in Chapter 
5, again obtained with the use of ultraviolet light induced RNA-protein cross-lin­
king. Chapter б describes how this technique, in an improved version, can be used 
for the detection of RNA associated polypeptides, taking adenovirus-coded VA RNA 
as an example. 
In the final Chapter the structural organization of adenovirus hnRNA-protein 
complexes is analyzed in a way that localizes cross-linked hnRNP proteins accura­
tely on the viral transcripts. Their localization in relation to the processing of 
these transcripts is discussed. 
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SUMMARY 
When nuclei of HeLa cells are depleted of membranes, soluble molecules, RNA, DNA and their 
associated proteins by subsequent treatments with detergents, nucleases and a high-salt buffer, a 
structure remains that consists of residual nucleoli, internal fibrogranular structures and remnants 
of the peripheral pore-complex lamind This proteinaceous structure, referred to as nuclear matrix, 
which is essentially free of nucleic acids, is apparently not formed by artificial disulphide bridges, 
since preventing disulphide bridge formation during cell fractionation by addition of lodoacetamide 
or 2-mercaptoethanol does not affect the morphology and composition of the isolated matrices It 
is shown that specific proteins of the matrix interact with antibodies from sera of patients suffering 
from an autoimmune disorder. When purified IgG fractions of these sera are used for immuno­
fluorescence studies on whole HeLa cells, isolated nuclei or nuclear matrices the same type of 
fluorescent pattern, a speckled nuclear fluorescence (the cytoplasm and nucleoli being negative) 
is obtained These results support the concept that an internal proteinaceous network is part of the 
isolated nuclear matrix and that this intranuclear structure represents a framework that exists in 
vivo. 
In various studies an internal network of 
non-chromatin proteins extending through 
the nucleus and associated with the nuclear 
envelope and nucleoli has been described 
(for a review see [1]). It was found that 
DNA replication complexes, heterogeneous 
nuclear RNA (hnRNA), small nuclear 
RNAs and hormone receptors are associ­
ated with this nuclear matrix structure [1-
8]. However, no definite proof for the in 
vivo existence of such a nuclear matrix 
structure has yet been given. On the con­
trary, a recent study of Kaufmann et al. [9] 
has shown that rat liver nuclear matrix 
structures of different morphology and 
composition can be obtained depending on 
the isolation procedure used. They sug­
gested that disulphide cross-linking during 
cell fractionation was essential to recover 
such a non-chromatin intranuclear network. 
On the other hand, Kaufmann and co­
workers were able to isolate extensive in­
ternal nuclear structures if RNase treatment 
of the nuclei was omitted, indicating that 
RNA might be an essential structural com­
ponent, as had been suggested earlier by 
several other investigators [10-12]. Other 
studies, however, showed rat liver and 
HeLa cell nuclear matrices to be resistant 
to RNase treatment [3, 6]. The latter studies 
also showed that when RNase treatment 
was omitted, hnRNA was found associated 
Exp Cell Res 141 ІІ982) 
23 
182 run Ее kelen et ai. 
with the matrix and that specific proteins 
were involved in the interaction between 
hnRNA and the nuclear matrix [6]. 
In the present study a method for the iso­
lation of HeLa nuclear matrices was used in 
which we tried to prevent the formation of 
artificial S-S bridges and to achieve com­
plete degradation and removal of nucleic 
acids. The residual nuclear structures ob­
tained in this way were studied using light 
and electron microscopy. In order to dem­
onstrate more unequivocally the existence 
of intranuclear protein structures we at­
tempted to decorate them immunocyto-
chemically. Since no antibodies against spe­
cific structural intranuclear proteins were 
available, we used antisera from patients 
suffering from autoimmune disorders. Anti­
bodies against a variety of nuclear macro-
molecules can be demonstrated in sera of 
these patients (for a review see [13]). Re­
cently, Salden et al. [14] have shown that 
specific structural nuclear protein antigens 
interact with antibodies from sera of mixed 
connective tissue disease (MCTD) patients. 
In order to investigate if matrix proteins 
were among these antigens we performed 
immunofluorescence studies on intact 
HeLa cells, HeLa nuclei and nuclear ma­
trices. The protein antigens were identified 
using Western blotting. 
The results of these experiments are dis­
cussed in relation to the existence of an in­
ternal nuclear protein network in HeLa 
cells. 
MATERIALS AND METHODS 
HeLa S3 cells were grown in suspension as described 
earlier [6] Radiochemicals were purchased from the 
Radiochemical Centre, Amersham. All chemicals used 
were of analytical grade. 
Nuclear matrix isolation 
Our basic procedure for the isolation of nuclear ma­
trices was as follows: Cells were harvested on frozen 
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NKM (130 mM NdCI, 5 mM KCl, 1 5 mM MgCI,). 
pelleted by tcntnfugation (5 mm at 800 g), washed 
once with NKM solution and pelleted again The cell 
pellet was resuspended in cold reticulocyte suspension 
buffer (RSB) (0 01 M Tris (pH 7 4). I S mM MgCI,. 
0 01 M NaCI, 0 5 mM phenylmethylsulphonyl chlo­
ride) and after addition of 0 5 % Na-deoxycholate 
(DOC) and 1 <%: Twcen 40 (Atlas Powder Co . Wilming­
ton, Del ) homogenized by 20 strokes of a motor-
driven Teflon pestle in a Potter-Elvehjem tissue homo-
gemzer (Kontes Co . Vineland. N J ) The nuclei were 
pelleted (5 mm at 800 g) and washed once with RSB 
The nuclear pellet was resuspended in HRSB (OHM 
NaCI. 0 01 M Tris (pH 7 4). 0 01 M MgCI2. 0 5 mM 
PMSC) at a density of 1x10" nuclei/ml and incubated 
with 500 Mg/ml DNase 1 and 100 ¿tg/ml RNase A for 
15 mm at 20°C The digest was transferred to a tube 
filled with 5 ml 1 M sucrose in HRSB and centnfuged 
for 15 mm at 100 g at 40C The DNA- and RNA-
depleted nuclei were gently resuspended in 0 4 M 
(NHJ.SOj, 30 mM Tris (pH 7 4), 10 mM MgCI.,, spun 
down again (5 mm at 800 g) and the pellet of nuclear 
matrices was resuspended m RSB. 
When 2-mercaptoethanol or lodoacetamide were 
used to prevent disulphide bridge formation during 
cell fractionation, these agents were added to the buf-
fer solutions from freshly prepared 100 mM and 1 M 
stocks, respectively Before DNase 1 and RNase A 
treatment the nuclei were washed with an extra 5 ml 
of RSB without lodoacetamide or 2-mercaptoethanol 
in order to carry out the enzyme digestions in the ab-
sence of these additives 
From the standard cell fractionation procedure four 
cellular fractions were obtained (1) The DOC/Tween 
fraction, which consists of the fractions obtained by 
the lysis of the cells by detergents and the subsequent 
wash with RSB buffer This fraction contains cyto-
plasmic material and soluble or solubilized nuclear 
material (2) Membrane depleted nuclei (3) The ma-
terial extracted from the nuclei after enzyme digestion 
by centrifugation over a 1 M sucrose layer and by the 
high-salt buffer, further referred to as nuclear extract, 
and, finally (4) nuclear matrices. 
Immunofluorescence microscopy 
Sera from patients suffering from rheumatic disease 
disorders, characterized as MCTD or SLE (systemic 
lupus erythematosus) as defined by Sharp et al [15} 
and Cohen et al [16], respectively, were obtained from 
the Department of Internal Medicine, Università! Hos-
pital, Nijmegen Affinity chromatography on protein 
A-Sepharose (Pharmacia AB, Uppsala) was used to 
isolate the immunoglobulin (IgG) fraction HeLa cells, 
isolated nuclei and HeLa nuclear matrices were pel-
leted on microscope slides using a Shandon Elliot cyto-
centnfuge (10 mm, 500 rpm) The samples on the slides 
were air-dried, fixed for 10 mm in acetone and air-dried 
again Then they were subjected to an incubation of 30 
mm at room temperature with serum or IgG fraction 
diluted 10-fold with PBS, three serial washings in bar-
bital buffer (120 mM NaCI, 20 mM barbiturate-HCl, 
pH 7 2), a 30-min incubation with goat-anti-human 
immunoglobulins labelled with FITC and again three 
serial washings in barbital buffer Cryosections (4 μπι) 
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of rat liver ( 10-week-old animals) were fixed m acetone 
and processed for immunofluorescence as described 
above for suspension culture cells and cell fractions. 
Gel electrophoresis and blotting 
of proteins 
Samples for SDS-gel electrophoresis were prepared 
from cellular fractions by precipitating the proteins 
with 10% TCA. The precipitates weie pelleted by 
centnfugation, washed twice with acetone and dis­
solved in sample buffer (2% SDS, 10% glycerol, 5% 
2-mercaptoethanol). SDS-gel electiophoresis on 13% 
Polyacrylamide gels was performed as described ear­
lier [6]. 
Proteins were transferred to nitrocellulose paper 
(Schleicher & Schuil, membrane filteis BA 85) using a 
Biorad destainer model 1200 in a set similar to the one 
described by Vaessen et al [17] at 10 V/cm electrode 
distance for 22 h. A solution containing 190 mM gly­
cine, 25 mM Tris (pH 8 3) and 20 % methanol was used 
as electrode buffer, with additionally 0 5% SDS in the 
cathode compartment. 
Detection of antigens 
The protein blots were treated with preincubation buf­
fer (2% bovine serum albumin (BSA), 0 35 M NaCI. 
0.01 M Tris (pH 7.6), 0.1 mM PMSF) for 3 h at room 
temperature to saturate additional protein-binding 
sites. Incubation with diluted anti-serum was per­
formed overnight in buffer A (0 3% BSA, 0.15 M 
NaCI, 0.01 M Tris (pH 7.6), 0.1 mM PMSF, 1 % Triton 
X-100, 0.5% DOC and 0.1% SDS). After extensive 
washing with this buffer A (3x 10 min), immune com­
plexes were detected by subsequently incubating the 
blots for 2 h with l2"'l-labelled protein A (sp. act. 10 
mCi/mg) in buffer A (2 μ& in 20 ml), washing again 
with buffer A (3x 10 mm), drying under a lamp and ex­
posing the blots to X-ray film 
RESULTS 
Η e La nuclear matrices contain 
internal structures 
In the procedure we use to isolate HeLa 
nuclear matrices, the cells are homogenized 
in a mixture of detergents (deoxycholate/ 
Tween) in a buffer of low ionic strength. 
From such a homogenate, nuclei are ob­
tained essentially free of cytoplasmic conta­
mination. Since these nuclei have lost their 
double membrane, soluble nuclear mole­
cules are extracted and externally added en­
zymes can easily penetrate. The nuclei are 
subsequently treated with DNase 1 (500 
¿tg/ml) and RNase A (lOOjug/ml) to degrade 
nucleic acids as completely as possible. The 
digested nucleic acids and their associated 
proteins are extracted in two steps. First 
they are spun through a 1 M sucrose cush-
ion and, subsequently, they are extracted 
with a buffer containing 0.4 M (NH^SO.,. 
The latter extraction step is performed pri-
marily to remove the remaining histones. 
The resulting structures are referred to as 
nuclear matrices. 
It has been suggested that disulphide 
bond formation between nuclear pioteins 
plays a role in the artificial formation of in-
tranuclear structures during liver cell frac-
tionation [9]. To be certain that disulphide 
cross-linking does not take place during cell 
fractionation, we first tested all solutions 
to be used on their oxidizing capacity with 
potassium iodide-starch paper. In addition, 
nuclear matrix isolation was also performed 
in the presence of 10 mM of the sulphydryl-
blocking agent iodoacetamide or in the 
presence of 1 mM 2-mercaptoethanol to 
prevent disulphide bridges from being 
formed. Light microscopical analysis of the 
different matrix preparations showed that 
each individual matrix still contained one or 
more nucleoli and that the matrices retained 
a globular shape (not shown). This sug-
gested to us the presence of a residual in-
ternal nuclear structure. 
Electron-microscopical observation 
showed that the morphology of the matrix 
structures was not altered by the additives 
when compared with control preparations. 
Fig. 1 shows electron micrographs of nu-
clear matrices isolated in the standard way 
and isolated in the presence of iodoacet-
amide. No significant differences in the ma-
trix structures could be observed. Similar 
matrix structures were obtained when the 
isolation was performed in the presence of 
2-mercaptoethanol (not shown). 
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Fig. I. Effect of agents inhibiting disulphide bridge for­
mation during cell fractionation on the morphology of 
HeLa nuclear matrices. Nuclear matrices were iso­
lated as described in Materials and Methods and pre-
Conceming the efficiency of degradation 
and removal of nucleic acids we have al­
ready reported that more than 99 % of the 
nuclear DNA is removed by extensive 
DNase 1 treatment [6]. Here we show that 
steady state-labelled nuclear RNA and 
DNA were removed very efficiently from 
HeLa nuclei, irrespective of the agents used 
Exp Cell Res 141 (1982) 
pared for electron microscopy as described earlier [6]. 
(A, B) Control matrices, isolated using the standard 
isolation procedure; (C, D) matrices prepared in the 
presence of 10 mM iodoacetamide. Bar, 1 μτη. 
to prevent disulphide bridge formation (ta­
ble 1). Of the total steady state-labelled nu­
clear RNA only 3-4% was recovered in the 
matrices, whereas less than 1 % of the DNA 
remains. This release of nucleic acids is not 
due to fragmentation of a large part of the 
matrices during extraction, as can be con­
cluded from the completely different pro-
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Table 1. Effect of the use of ¡odoacetamide and 2-mercaptoethanol on the RNA and 
DNA content of nuclear subfractions 
Nuclei 
Nuclear extracts 
Nuclear matrices 
RNA (%) 
Control 
100 
962 
3.8 
lAc 
100 
96.0 
40 
EtSH 
100 
96.8 
3.2 
DNA (%) 
Control 
100 
99 0 
1.0 
lAc 
100 
99.1 
09 
EtSH 
100 
99.4 
0.6 
Nuclear matrices were isolated as described in Materials and Methods. When indicated 10 mM lodoacetamide 
(lAc) or 1 mM 2-mercaptoethanol (EtSH) were used to prevent disulphide bridge formation during cell frac-
tionation. Nuclear RNA was labelled by overnight incubation of the cells with [5,6-1H]undine (Amersham, 
40 Ci/mmol) at ixlO -0 Ci/ml Nuclear DNA was labelled by overnight incubation of the cells with [methyl-
'HJthymidme (Amersham, 48 Ci/mmol) also at Ι χ Ι0"β Ci/ml. 
tein compositions of the matrices and ex­
tracts (see fig. 3). The protein composition 
of the matrices (fig. 3, lane I) also shows 
that the matrices are almost devoid of (lis­
tones and very enriched in non-histone nu­
clear proteins. 
Since RNA has been suggested to play a 
role in the organization of internal nuclear 
structures [9-11], the average size of the 
RNA that remains in our matrix structures 
in spite of the RNase treatment was deter­
mined. It proved to migrate on glycerol 
gradients with sedimentation values ranging 
from 0-2 S, corresponding in size from 1 to 
maximally 50 nucleotides. These RNA frag­
ments are probably protected by proteins 
during RNase A treatment of the nuclei. 
This fits into our concept that hnRNA is 
tightly associated to the nuclear matrix and 
that this interaction is mediated by specific 
proteins [6]. It is unlikely that such a small 
amount of degraded RNA can play an es­
sential role in holding together the internal 
nuclear framework. 
Immunocytochemical demonstration of 
an internal nuclear protein structure 
To be certain about the in vivo existence of 
an internal nuclear protein structure, it is 
necessary to demonstrate its presence not 
only in isolated nuclear matrix structures 
but also in unfractionated cells. It has been 
shown that non-chromatinous nuclear 
structures can be discerned in sections of 
whole cells (for references see [1, 18]). An­
other way of demonstrating the matrix in 
situ is by using immunocytochemical label­
ling. Because the protein components of the 
internal nuclear structures are not very well 
characterized and no antisera raised against 
them are available yet, we decided to test 
whether the nuclear matrix had antigenic 
determinants recognized by antibodies from 
sera of patients suffering from autoimmune 
diseases. Antibodies directed against a va­
riety of nuclear macromolecules and macro-
molecular complexes such as single- and 
double-stranded DNA, DNA-protein com­
plexes, histones, non-histone nuclear pro­
teins and nucleolar antigens are produced 
by these patients [13]. Of these patients the 
ones suffering from mixed connective tissue 
disease (MCTD) are described to have high 
titres of antibodies directed against nuclear 
RNP [13]. When these sera or purified IgG 
fractions from these sera were used in im­
munofluorescence studies on He La cells a 
non-homogeneous 'speckled' type of nu­
clear fluorescence is found (fig. 2a). When 
nuclei from HeLa cells were isolated and 
used for immunofluorescence studies the 
same fluorescent pattern was obtained (fig. 
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2b). Fig. 2c shows that this pattern per-
sisted when DNA- and RNA-depleted ma-
trix structures were examined. This means 
that nuclear matrices still contain antigenic 
determinants recognized by antibodies from 
MCTD sera (see also [14]). Immunofluores-
cence experiments performed on rat liver 
cryosections show that the fluorescent 
structures are located in the nuclear interior 
(fig. 2d). The antigenic determinants re-
sponsible for the observed fluorescent pat-
tern were not on nucleic acids, as DNA and 
RNA are thoroughly degraded and ex-
tracted from the matrix structures. We have 
found that the fluorescent pattern obtained 
on intact cells with sera of patients suffering 
from other types of rheumatic diseases 
were not found on nuclear matrices, indi-
cating that in those cases the antigens were 
extracted and/or degraded (data not 
shown). So in intact cells there seems to be 
an internal nuclear structure that can be 
decorated by MCTD antibodies. This struc-
ture can be isolated, essentially free of his-
tones and nucleic acid and is still carrying 
the antigenic components in a similar spa-
tial conformation. This strongly suggests 
that this part of the matrix represents an in 
vivo existing structure in the nucleus of 
HeLa cells. 
Identification of MCTD antigens 
present in nuclear matrices 
The experiments described above cannot 
completely exclude the possibility that the 
Fig. 2. In si'u nuclear fluorescence using antibodies 
from MCTD patients. HeLa cells and nuclear matrices 
were pelleted on microscope slides using a Shandon 
Elliot cytocentrifuge (10 min, 500 rpm), fixed with ace-
tone and processed for indirect immunofluorescence, 
as described in Materials and Methods. Cryocoupes of 
liver from 10-week-old rats were also processed for in-
direct immunofluorescence as described in Materials 
and Methods. Immunological reactions of IgG anti-
bodies of a MCTD patient with (a) HeLa cells; (b) 
HeLa nuclei; (c) HeLa nuclear matrices; (t/) Rat liver 
cryocoupes. (a-c) x 1 000; (d) x500. 
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Fig. 3. Analysis of proteinaceous MCTD-specific anti­
gens in HeLa cell fractions. (A) Coomassie blue-
stained 13% SDS~acrylamide gel. The proteins of a gel 
similar to the one shown in (A) were electrophoreti-
caily transferred to nitrocellulose and after subsequent 
incubation of the blot with MCTD serum and , 2 5 I-
protein A, an autoradiograph (B) was obtained reveal­
ing the antigens recognized by the MCTD antibodies. 
Φ-
В 
6 8 9 10 
The same protein samples in equal quantities were 
used in both panels. (A) Stained gel: /, HeLa nuclear 
matrices; 2, HeLa nuclear extract; i , HeLa nuclei; 
4, DOC/Tween fraction; 5, unlabelled marker proteins. 
(B) Autoradiograph: 6, '"I-protein markers; 7, DOC/ 
Tween fraction; 5, HeLa nuclei; 9, HeLa nuclear ex­
tract; 10, nuclear matrices. 
antigenic part of the matrix structure con­
sists of non-proteinaceous compounds. 
Particularly, the commonly accepted theory 
that the antigenic components reacting with 
MCTD antibodies are dependent on RNA 
for their activity [13] is confusing in this 
context. The possibility still remains that 
small RNA fragments or complexes of this 
RNA with protein form the antigenic deter­
minants. So we decided to test if matrix 
proteins constitute the true antigens. This 
was performed by separating the matrix 
proteins on SDS gels and then transferring 
them electrophoretically to nitrocellulose 
paper. These replicas of the SDS gels were 
incubated with MCTD sera. Complexes of 
matrix proteins and IgG immunoglobulins 
were detected by complexation with 1 2 5I-
protein A and subsequent autoradiography. 
Fig. 3 shows an example of such an ex­
periment. Fig. ЗА shows the four cellular 
protein fractions: DOC/Tween fraction, 
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membrane-depleted nuclei, nuclear extract 
and nuclear matrices (see Materials and 
Methods) separated on SDS gel and stained 
with Coomassie blue. The same four pro-
tein samples were, after electrophoresis, 
transferred to nitrocellulose paper, as de-
scribed in Materials and Methods. Incuba-
tion with an MCTD serum and subsequent 
detection of complexed IgG molecules us-
ing 12sI-protein A, resulted in an autoradio-
graph, as shown in fig. 35 . Evidently in this 
serum antibodies are present against a set 
of non-histone proteins, which are compo-
nents of nuclei and nuclear matrices, but 
not of the nuclear extract or the DOC/ 
Tween fraction. This indicates that the 
antigens are non-soluble nuclear proteins. 
Control sera of healthy persons did not give 
rise to detectable protein bands. These re-
sults show that the nuclear matrix antigens 
reacting with MCTD antibodies are specific 
proteins and support the concept that the 
internal part of the nuclear matrix is a pro-
teinaceous structure. 
DISCUSSION 
Recently a study of Kaufmann et al. [9] 
was published, critically reviewing the 
methods that have been used for the isola-
tion of nuclear matrices, nuclear envelopes 
and pore-complex laminae from rat liver 
cells. From their experiments they drew the 
conclusion that during the isolation of 
residual nuclear structures extreme care 
should be taken to avoid disulphide bridge 
formation by oxidizing agents, such as 
cationic detergents or by prolonged incuba-
tion. Furthermore they concluded that if 
RNase A treatment of the nuclei preceded 
high-salt extraction with 2 M NaCl, internal 
granofibrillar and residual nucleolar struc-
tures could be removed. These results sug-
gested that either artificial intermolecular 
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disulphide bond formation or the presence 
of RNA might be necessary to isolate in-
ternal nuclear structures from rat liver cells. 
In this study we have tried to take these 
considerations into account for the isolation 
of HeLa residual nuclear structures. We 
shortened the isolation procedure to about 
90 min, detergents and buffers were tested 
not to cause oxidation and RNase treatment 
was carried out before high-salt extraction. 
We also found that agents inhibiting disul-
phide bridge formation did not affect the 
morphology and composition of the nuclear 
matrix structures obtained. Also the effec-
tivity of the nuclease digestion and the sub-
sequent removal of degraded nucleic acid 
was checked and it was found that more 
than 99% of the DNA and 96% of the RNA 
was removed from the nuclear structures. 
The remaining RNA proved to be degraded 
to very small fragments. The nuclear ma-
trices obtained in this way contained re-
sidual nucleolar structures and an internal 
granofibrillar network. The globular shape 
of all our matrices already is an indication 
for the presence of an internal framework, 
as isolated nuclear laminae tend to collapse 
[19]. Moreover, using antibodies of patients 
suffering from autoimmune disorders, we' 
were able to decorate immunocytochemi-
cally the internal part of these matrices. 
The same fluorescent pattern was obtained 
either when intact HeLa cells or isolated 
matrices were used: A speckled internal nu-
clear fluorescence, nucleoli and cytoplasm 
being negative. This suggests that the lo-
calization of the antigens in intact HeLa 
cells is similar to the localization in isolated 
nuclear matrices. The antigens complexed 
by antibodies from these human sera were 
shown to be specific proteins, present in nu-
clear matrix preparations and not present in 
the fraction of proteins that were extracted 
from the nuclei during matrix isolation. 
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The results presented above can be ex­
plained in two ways. It is possible that the 
antigenic proteins are part of an internal nu­
clear structure that can be isolated as a part 
of the nuclear matrix structure, or, that 
these proteins precipitate and/or aggregate 
during cell fractionation to form a high salt 
resistant precipitate of nuclear proteins. 
The latter possibility cannot totally be ex­
cluded for it might well be possible that re­
moval of DNA, RNA and histones, which 
drastically changes the environmental con­
ditions for these proteins, may cause them 
to precipitate or aggregate. Previous 
studies, however, do not support this pos­
sibility. For example, we have shown that 
by RNase treatment of isolated He La nu­
clear matrices, prepared in the absence of 
RNase, specific hnRNP proteins are re­
leased leaving the morphology of the struc­
ture unchanged [6]. Furthermore we have 
reported that in vivo RNA-protein cross-
linking (on intact cells) resulted in linkage of 
the same proteins to hnRNA as in vitro 
cross-linking performed on (not RNase-
treated) isolated HeLa nuclear matrices [6]. 
It is unlikely that these results could be ob­
tained if nuclear matrices were aggregates 
of nuclear proteins. 
Different results are obtained with the 
matrix isolation procedure used in this 
study on HeLa cells and the one used by 
Kaufmann et al. [9] on rat liver cells. For 
example, using our method nucleoli are 
conserved in HeLa nuclear matrices, 
whereas they were removed from the rat 
liver nuclear structures isolated by Kauf­
mann et al. [9]. There are several possible 
ways to explain this discrepancy. First, the 
stability of the matrix structures may be dif­
ferent in both types of cells. There are also 
differences in the isolation procedures used. 
After DNase 1 and RNase A digestions we 
routinely centrifuge the nuclear structures 
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over a 1 M sucrose layer, before high-salt 
extraction with 0.4 M (NH|).,SOj, because 
this evidently results in an improved con­
servation of internal structures. Further­
more, differences could be induced by the 
different ways of high-salt extraction (2 M 
NaCI vs 0.4 Μ (ΝΗ^ 2 50 4 ). Extreme cau­
tion should also be taken in the interpreta­
tion of electron microscopical pictures in 
respect to the nature of the internal struc­
tures. The density of the internal network 
was found to be closely dependent on the 
thickness of the sections and the degree of 
shrinking of the matrices. From similar 
preparations of matrices pictures showing 
almost empty, but globular shaped, laminae 
and matrices with dense internal structures 
can be obtained, depending on both these 
factors. 
We conclude that in HeLa cells an inter­
nal nuclear protein structure is present that 
can be isolated as part of the high-salt-
resistant nuclear protein matrix. Further 
work will be directed to identify the struc­
tural components of this network and to 
elucidate its function in nuclear metabo­
lism. 
We are indebted to Drs Ρ Capel and Ρ Faaber and to 
A Jansen of the Departments of Nephrology and 
Ophthalmology, Universital Hospital, Nijmegen, for 
preparing '-'I-protem A and '-'"'I-protem markers. We 
are especially grateful to Dr A M Stadhouders and 
his colleagues at the Department of Submicroscopic 
Morphology, University of Nijmegen, for their indis­
pensable help in the electron microscopical experi­
ments We thank Dr P. Zabel for advice in the blotting 
experiments and Ms G Vierwinden and Ms R. van 
Beek for excellent technical assistance 
Note added in proof 
Recent work of В Vogelstem & В F Hunt suggests that 
human anti-Sm sera also contain antibodies that deco­
rate nuclear matrices (Biochem biophys res commun. 
In press) 
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hnRNA and Its Attachment to a Nuclear Protein Matrix 
CHRIS A. С VAN EEKELEN and WALTHER J. VAN VENROOIJ 
Laboratory of Biochemistry, University of Nijmegen, Nijmegen, The Netherlands 
ABSTRACT In this study, DNA-depleted nuclear protein matrices are isolated from HeLa S3 
cells. These nuclear matrices consist of peripheral laminae, residual nucleoli, and internal 
fibrillar structures. High molecular weight, heterogeneous nuclear RNA (hnRNA) is quantita­
tively associated with these structures and can be released intact only by affecting the integrity 
of the matrices. It is, therefore, concluded that hnRNA is part of a highly organized nuclear 
structure. 
By irradiation of intact cells or isolated nuclear matrices wi th ultraviolet light, proteins tightly 
associated wi th hnRNA can be induced to cross-link with the RNA. Performing the cross-
linking in vivo is an extra guarantee that only hnRNA-protein (hnRNP) complexes existing in 
the intact cell are covalently linked. Such hnRNP complexes were isolated and purified under 
conditions that completely dissociate nonspecific RNA-protein complexes. 
By comparison of the hnRNP found in nuclear matrices and the published data on the 
composition of hnRNP particles, it was found that the so-called hnRNP "packaging" proteins 
(32,000-38,000 mol wt) were not efficiently cross-linked to hnRNA by UV irradiation. They 
were, however, present in the matrix preparations, bound to hnRNA, because they were 
released from nuclear matrices after ribonuclease treatment of these structures. On the other 
hand, two major hnRNPs (41,500 and 43,000 mol wt) were efficiently cross-linked to hnRNA. 
These proteins were not released by ribonuclease treatment, which suggests that they are 
involved in the binding of hnRNA to the nuclear matrix. 
Although io the last decade much knowledge has been acquired 
about hnRNA at the molecular level, little is known about the 
role of various cellular structures and components in transcrip­
tion, RNA processing, and RNA transport to the cytoplasm. 
To investigate such a role, studies have been undertaken to 
identify protein and RNA molecules that interact with heter­
ogeneous nuclear RNA (hnRNA). hnRNA can be extracted 
from nuclei in the form of hnRNA-protein (hnRNP) particles 
(reviewed by Heinrich et aL [1] and Van Venrooij and Janssen 
[2]) that have a repeating suburut structure composed of 200-
300 À spherical particles connected by a ribonuclease-sensitive 
strand (3, 4). Small nuclear RNA seem to be integral parts of 
hnRNP particles (5-8). The protein composition of hnRNP 
particles is very complex and seems to be related to the isolation 
procedure used. Although nonspecific binding of proteins to 
the RNA during the isolation of the particles has never rigor-
ously been excluded, most workers (9-11) agree on the presence 
of some predominant proteins in the 30,000-44,000 mol wt 
range. 
The isolation of hnRNP particles mostly involves nuclear 
breakage (for example, by sonication) or extraction of the 
nuclei with buffer solutions for prolonged periods at a relatively 
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high temperature. In general, the amount of hnRNP released 
from the nuclei seems to depend very much on the degree of 
nuclear disintegration achieved (2). 
Detergent-treated nuclei from eukaryotic cells, depleted of 
their DNA, retain a residual insoluble protein structure referred 
to as nuclear skeleton or nuclear matrix (12-20). This nuclear 
matrix consists of: (a) a peripheral layer of a complex of nuclear 
pores and connecting lamina, (¿>) residual nucleolar structures, 
(c) internal fibrillar protein structures. The peripheral pore-
lamina complexes have been purified (21-23) and shown to 
contain three major polypeptides in the 60,000-70,000 mol wt 
range (21). These proteins are located at the periphery of nuclei 
in interphase cells (as shown by immunofluorescence) and not 
in the internal nuclear structures (24, 25). Very little is known 
about the protein composition of the internal nuclear structure. 
It is evident, however, that it is much more complex than the 
composition of the pore-lamina complexes (14-16, 26). Some 
of the matrix proteins could be involved in the binding of 
hnRNA, because two groups of investigators have reported 
that in a variety of cells the hnRNA is quantitatively associated 
with the nuclear matrix (13, 17, 18, 26). Herman and co-
workers (17) showed with electron microscope radioautography 
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that ш HeLa cell nuclei the hnRNA was associated with the 
internal protein structure These authors suggested that 
hnRNA is essential for the integrity of the nuclear matrix This 
conclusion, however, was not supported by the results of Pogo 
and collaborators who found that in liver cells, Krebs ascites 
cells, and erythroleukemic cells the hnRNA is associated with 
the nuclear matrix (18, 26) but that nbonuclease treatment 
removes the hnRNA without disintegration of the internal 
structure (26) Furthermore, Herían and co-workers (19) 
showed that also pre-rRNA and rRNA are almost quantita-
tively attached to the nuclear skeletons of Tetrahymena ma-
cronuclei Because Long et al (26) noticed that hnRNA can be 
released from the internal protein matrix only by disrupting 
these structures, it is very well possible that hnRNP particles, 
as discussed above, are products of nuclear disintegration 
caused by mechanical forces or enzymatic action 
In this study, the isolation and characterization of nuclear 
matrices of HeLa S3 cells are described. In an attempt to 
establish which proteins are involved in the association of 
hnRNA with the nuclear matrix, isolated matrices and intact 
cells were subjected to UV irradiation to cross-link hnRNA to 
some of its associated proteins Evidence is presented that the 
same set of proteins was cross-linked to hnRNA irrespective of 
whether the cross-linking was performed on intact cells or on 
isolated matrices Our results suggest that the major cross-
linked proteins are involved in the binding of hnRNA to the 
nuclear matrix. 
MATERIALS AND METHODS 
Tissue culture media and sera were purchaecd from Flow Laboratones Ltd, 
Irvine, Scotland All chemicals used were of analytical grade Buffers were boiled 
in the presence of 0 02% diethylpyrocarbonate and then autoclaved Radiochem-
icals were obtained from the Radiochemical Centre, Amersham, England 
Ce// Growth and Labeling 
HeLa S3 cells were grown m suspension at 37°C at densities ranging between 
0 S and 1 X 10e cells/ml on Eagle's Minimal Essential Medium supplemented 
with 5% newborn calf serum, 5% fetal calf senim, and vitamins Mycoplasma 
tests were run regularly and were always negative Cell doubling occurred every 
24 h For preferential labeling of hnRNA, cells were concentrated 10-fold (5-10 
ж IO6 cells/ml) and incubated with S pCi/ml [5,6-3Hlundinc (40 Ci/mmol) for 
10 mm Cellular protein was labeled by incubating the cells overnight with 2 
/iCi/ml f^Slmethiontne ( ± 1,000 Ci/mmol) at densities of 1-2 X 10e cells/ml For 
the fint 2 lu the cells were incubated m medium without unlabeled methionine, 
then 0 1 vol of complete medium was added Another volume of complete 
medium was added 1 h before harvesting the cells 
Cell Fractionation and Purification of 
Nuclear Matrices 
Cells were harvested on frozen NKM (130 mM NaCl, S mM KCl, 7 5 mM 
MgCb), pelleted by centnfugation (S nun at 800 g), washed once with NKM 
solution, and pelleted again The cell pellet was suspended m cold reticulocyte 
suspension buffer (RSB) (0 01 M NaCl, 0 01 M Tns (pH 7 4], 1 5 mM MgCb, 0 5 
mM PMSC [phenylmethylsulfonyl chloride]) and after addition of 0 5% Na-
deoxycholate (DOC) and 1% Tween 40 (Atlas Powder Co, Wilmington, Del ) 
homogenized by 20 strokes of a motor-dnven Teflon pestle ш a Potter-Elvehj em 
tissue homogemzer (Konles Co, Vineland, N J ) The nuclei were pelleted (S 
mm at 800 g) and washed once with RSB The nuclear pellet was resuspended m 
HRSB ( O I I M NaCl, 001 M Tns pH 74, 001 M MgCl2, 0 5 mM PMSC) at a 
density of 1 x iff nuclei/ml and incubated with 500 μ$/πύ DNase 1 for 15 mm 
at20 o C 05-1 0 ml of the digest was transferred to a tube Tilled with 2 ml of 2 6 
M sucrose (underlayer) and 10 ml of 1 M sucrose in HRSB and centnñiged for 
15 nun at 1,000 g at 4°C The DNA-depleted nuclei, concentrated on the heavy 
sucrose layer, were gently resuspended in 5 ml of 0 4 M (NH^SO*. 30 mM Tns 
(pH 7 4), 10 mM MgCb, spun down (5 nun at 800 g), and resuspended in RSB 
Suspensions of the high-salt-extracted nuclear matrices obtained in this way were 
used for UV induced cross Uftking experiments and for hnRNA and hnRNP 
complex isolation 
Before use DNase I (Worthmgton Biochemical Corp. Freehold, N J DPFF 
quality, "RNase free") was freed from contaminating traces of RNase activity by 
afïïn.ly chromatography over 5' UTP-agarose (Sigma Chemical Co , St Louis, 
Mo ) as desenbed by Smith et al (27) DNase I was tested for nbonuclease 
activity by incubating 3H labeled 28S rRNA for 1 h at 370C with 50 Mg/ml 
DNase I The punficd DNase I used m all our experiments did not degrade 28S 
rRNA when tested m this way 
UV-light-mduced Cross-linking 
UV-induced RNA-protein (RNP) cross-linking was performed on nuclear 
matnees suspended in RSB or on intact cells suspended in NKM buffer at 
concentrations of 10s matnees or cells/ml, following (he procedure of Wagen-
makers et al (28) Samples to be irradiated were transferred into small quartz 
tubes which were put into a bigger quartz tube filled with ice water During 
irradiation the cells or matnees were gently shaken every 3 min Irradiation was 
performed m a wooden box covered on the mside with alummum foil On each 
of the four edges of the box, one 15 W germicidal tube (Philips TUV) was fixed 
The distance between sample and lamps was - 4 cm 70% of the irradiation 
energy was emitted at 253 7 nm The radiation dose at this wavelength received 
by the sample was determined by femoxalale actinometry (29) and found to be 
8 000 J/m* ( 1022 quanta/m3) per minute 
The amount of RNP cross-linking was determined by SDS-phenol/chloroform 
extraction (30, 31) This extraction procedure separates RNA from RNP com-
plexes because free RNA remains m the aqueous phase, while covalent RNP 
complexes and free protein move into the interphase Irradiated nuclear matnees 
or nuclear matnees from irradiated cells containing эН-1аЬе1е4 hnRNA were 
boiled m 1% SDS for 2 mm and centnfuged for 5 mm al 5,000 g, and a phenol/ 
chloroform extraction was performed on the clear supemate The organic phase 
plus the interphase were re-extracted twice with a buffer containing 0 5% SDS, 
50 mM Tns (pH 7 4), 100 mM NaCl and 5 mM EDTA Ahquots from the 
combined aqueous fractions and the organic phase plus interphase were mixed 
with Picofluor-lS (Packard Instrument Co, Downers Grove, III ) and counted 
When, after repeated washings with SDS-containmg buffer, the organic phase 
and interphase were diluted with ethanol and the pellets obtained after centnfu­
gation were treated with proteinase К (100 μ^/mU 1 h, 37° С) and re-extracted 
with phenol/chloroform, then hnRNA was quantitatively present in the water 
phase This indicates that the presence of RNA radioactivity in the combined 
organic and interphase indeed was attnbutable to complexing with protein 
Neither irradiation up to 10 mm nor subsequent proteinase К treatment caused 
significant degradation of the hnRNA, as judged from RNA sedimentation 
profiles in glycerol gradients 
Isolation of Covalent RNP Complexes 
A discontinuous sucrose-ОгО-НаО gradient was used for the rapid and easy 
isolation of covalent RNP complexes The gradient consisted of a 1-ml underlayer 
of 80% sucrose m DjO (density 1 35 g/cm9) and on top of this a layer of 3 5 ml 
of I 25 M sucrose m a D2O/H3O mixture (density 1 20 g/cm3) containing 10 mM 
Tns (pH 7 4) and 0 1% SDS 0 5-ml samples containing 1% SDS were layered on 
these gradients and centnfuged for 18 h at room temperature at 240,000 £ ш a 
Beekman SW50 L rotor (Beekman Instruments, Ine, Spinco Div, Palo Alto, 
Calif ) The middle layer has a density that prevents free protein from sedunenting 
into the gradient, while the underlayer prevents the RNP complexes (densities 
between 1 2 and 1 35 g/cm3) from pelleting In this way, free protein could be 
separated from protein covalently linked to RNA To avoid contamination of the 
lower fractions with the bulk of the radioactivity present m the top fractions, the 
gradients were fractionated starting from the bottom In a control expenment 
(not shown), it was found that when nuclear extracts from irradiated or unirra­
diated cells were analyzed on this type of gradient, >70% of the fKJundinc-
labeled hnRNA could be recovered from the high-density region of the gradient 
after an 18-h run as desenbed above. 
Analysis of Proteins 
Samples for SDS Polyacrylamide gel electrophoresis were prepared as follows 
In the case of proteins covalently bound to RNA, the RNA moiety was digested 
by a 1-h incubation at 37 0C with 400 U/ml nucrococcal nuclease (P-L Biochem-
icals. Ine, Milwaukee, Wis ) and 25 μg/ml RNase A (Sigma Chemical Co ) m 10 
mM Tns (pH 7 4) containing 1 mM C a " This procedure degrades >99 9% of 
^HJRNA bound to protein, irrespective of the ^-nucleoside precursor used 
Free protein was precipitated with 7% TCA The precipitations were pelleted, 
washed twice with acetone, and dissolved ш sample buffer (2% SDS, 10% glycerol, 
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and 5% /}-mercaptoethanol). SDS Polyacrylamide gel electrophoresis was per­
formed essentially as described by Laenimli (32). 
Electron Microscopy 
Suspensions of nuclei or nuclear matrices were fixed overnight in 0.5% 
glutaraldehyde, 0.1 M Na-cacodylate (pH 7.4), washed overnight at 4 0 C with 0.1 
M Na-cacodylate buffer, and then postfixed m 2% osmium tetroxide in 0.1 M 
Palade buffer for 1 h. Samples were stained for 2 h in 0 5% uranyl acetate in 0.1 
M Palade buffer, dehydrated with ethanol followed by propylene oxide, and 
finally embedded in Epon. Sections were further stained for 30 mm with 3.3% 
uranyl acetate and for an additional 15 mm with 1.3% lead citrate. Examination 
was performed in a Philips EM 301. 
RESULTS 
Isolation and Characterization of HeLa 
Nuclear Matrices 
Mechanical homogenization of HeLa cells in a DOC/Tween 
mixture followed by a wash with RSB (see Materials and 
Methods) results in a nuclear preparation that is essentially 
free of cytoplasmic contamination as judged by electron mi­
croscopy. The double membrane of the nuclei is solubilized by 
the detergent treatment, and most of the soluble nuclear mol­
ecules are removed. Nonsolubilized remnants of the membrane 
structures and the pore-lamina complex together form a dark-
staining peripheral nuclear layer. Inside the nuclei the presence 
of nucleoli is obvious, whereas the chromatin seems to be 
rather randomly distributed as a result of the low-salt treat­
ment. From these nuclei, nuclear matrices as shown in Fig. 1A 
could be prepared, following a procedure in which the DNA 
is digested and gently extracted (see Materials and Methods). 
Although almost all DNA and associated proteins were 
removed by the digestion and subsequent extraction procedures 
(Fig. 2), an extensive internal nuclear structure can still be seen 
in the matrices. This internal structure consists of residual 
nucleoli and fibrillar structures. It was striking that, although 
>99% of the DNA was removed from the matrices, generally 
~80% of the hnRNA cosediments with intact matrices (Fig. 2). 
These results are in agreement with those of Herman et al. (17) 
and Miller et al. (18). It should be noted here that most of the 
RNA released from the nuclei during both extraction steps 
(Fig. 2) could be pelleted from the nuclear extracts by low-
speed centrifugation, which suggests that it was bound to very 
large structures, most probably fragments of nuclear matrices 
disrupted during the extraction. When the matrices subse­
quently were treated with RNase A, most though not all of the' 
hnRNA could be removed from these structures. Electron 
microscope observation then showed that the RNase-treated 
matrices had a morphological appearance very similar to that 
of the nontreated matrices (Fig. IB). This is not surprising, as 
RNP complexes proved to be only a minor component of 
nuclear matrices (see below). Consequently, it must be con­
cluded that in HeLa cells hnRNA seems not to be essential for 
the integrity of the nuclear matrix structures. Our results, 
therefore, corroborate those of Miller et al. (18), who con­
cluded, also on the basis of electron microscope observation of 
RNase-treated matrices, that in liver cells the internal nuclear 
structure does not depend on RNA for its integrity. 
Characterization of the hnRNA Associated with 
the Nuclear Matrices 
Rapidly labeled hnRNA isolated from the nuclear matrices 
and analyzed on glycerol gradients as described in the legend 
of Fig. 3 was found to be degraded when commercially avail­
able "RNase-free" DNase I was used. Purification of the 
DNase over a 5'-UTP-agarose column (27), however, removed 
the contaminating nbonuclea.se in a simple one-step procedure. 
From matrices prepared with the purified DNase 1, high 
molecular weight, rapidly labeled hnRNA could be prepared. 
The sedimentation profile of matrix-bound hnRNA, after de-
naturation. was compared with that of hnRNA isolated from 
whole nuclei (Fig. 3). Because the sedimentation profiles are 
almost identical, it can be concluded that nuclear matrices, 
prepared as described in Materials and Methods, contain most 
FIGURE 1 (A) Electron micrograph of a HeLa cell nuclear matrix. 
Nuclear matrices were prepared f rom HeLa cell nuclei after c o m ­
plete removal of the c h r o m a t i n by DNase I digest ion and subse­
q u e n t extraction of the digested material (see Materials and M e t h ­
ods). (β) As in A b u t after isolation nuclear matrices were treated 
w i t h RNase A (lOO/tg/ml, 20 m i n , 25°C). Bars, 1 /im. A, X 11,000; 8, 
X 11,500. 
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of the high molecular weight hnRNA chains ш an apparently 
undegraded form. 
UV Cross-linking of hnRNA to 
Associated Proteins 
To study the interaction of hnRNA with nuclear matrix 
proteins, UV irradiation was used to induce cross-linking be­
tween RNA and protein (30, 31, 33). To be sure that the in 
vivo situation was being studied, we irradiated not only isolated 
matrices but also intact cells. 
First, the UV dose necessary for adequate cross-linking was 
determined. For this purpose cells and nuclear matrices, labeled 
with [3H]uridine in their hnRNA, were irradiated for various 
periods of time, and the amount of cross-linked hnRNA was 
determined by SDS-phenol/chloroform extraction (see Mate­
rials and Methods). After S min of irradiation of cells (Fig. 
4/4), as well as of isolated nuclear matrices (Fig. 4B), most of 
the hnRNA had already been cross-lmked to protein. Irradia­
tion of the isolated matrices for >5 min resulted in considerable 
losses of cross-linked RNA that became insoluble even in 1% 
SDS at 100oC (Fig. 4B). On the other hand, when intact cells 
were irradiated for longer periods of time no significant portion 
of the hnRNA was present in the insoluble material (Fig. 4 A). 
However, as it is known that prolonged irradiation tends to 
induce protein-protein cross-linking (34; and our own obser­
vations), in our further experiments an irradiation time of only 
3 min was used. This is equivalent to a radiation energy at 
253.7 nm of 2.4 X 10* J/m2 (28) and is sufficient to cross-link 
50-80% of the hnRNA to proteins. 
Isolation of Cross-linked hnRNP Complexes 
Two types of density gradients were used to separate hnRNA 
and free protein from cross-linked hnRNP complexes. In our 
first experiments, CsCl density gradients were used. Nonirra-
diated and irradiated matrices containing ^S-labeled protein 
and 3H-labeled hnRNA were treated with 1% Sarkosyl at 
100oC, and the soluble fraction was centrifugea to equilibrium 
HeLa nuclei ƒ [
3H]RNA fast label (10 mm) 
trqc ¡DNA steady-state label 
Control 
incubation 
+ 
extraction 
i 
RNA 87% 
DNA 97% 
DN ase 1 
digestion 
+ 
extraction 
i 
80% 
< 1 % 
DNase 1, RNase A 
digestion 
+ 
extraction 
i 
16% 
< 1 % 
FIGURE 2 Analysis of HeLa nuclear structures after various enzy-
matic treatments HeLa cell nuclei, prepared as described in Mate-
rials and Methods, were incubated with DNase 1 (500 Mg/ml, 15 
min, 20oC) and RNase A (10/ ig/ml, 15 mm, 20°C) as indicated The 
digested material was removed by a two-step extraction procedure. 
The first extraction was carried out by layering the digest on 1 M 
sucrose m HRSB buffer and subsequent centnfugation for 15 mm at 
800 g. The pellet of extracted nuclei was then resuspended in 0 4 M 
(МН^ІгЗО^ buffer and pelleted again D N A was labeled by incubat­
ing the cells overnight at a density of 10° cells/ml in the presence 
of 0.5 ц О / т І ["CJthymidine (57 m O / m m o l ) Then the hnRNA was 
labeled by concentrating the cells 10-fold and incubating them in 
the presence of 5 p O / m l [5,6-3H)undine for 10 m m at 37 0 C. The 
figures given represent percentages of the total acid-precipitable 
radioactivity initially present in the nuclei 
in CsCl-Sarkosyl gradients. Most of the hnRNA in the nonir-
radiated sample equilibrated at a buoyant density >1.6 g/cm3. 
The buoyant density of the hnRNA from irradiated matrices 
was shifted to 1.38-1.48 g/cm3. The most likely explanation 
for this finding is that protein was cross-linked to the hnRNA, 
because ""S-protein label of irradiated matrices also showed a 
peak in the same density region (data not shown). 
In more recent experiments, a sucrose-DaO-HjO gradient 
was used to isolate cross-linked hnRNP complexes. The gra­
dient conditions employed in these experiments were such that 
>70% of the (cross-linked) hnRNA was found in the high-
density region of the gradient when extracts of irradiated or 
nonirradiated cells were analyzed (see Matenals and Methods). 
The method thus allows a reasonable yield of cross-linked 
hnRNP complexes m a simple and convenient manner. Cells 
labeled with [ S]methionine were irradiated for 3 min (in vivo) 
before preparation of the nuclear matrices. These were ex­
tracted with 1% SDS at 100°C, and the soluble fraction con­
taining ~90% of the hnRNA was loaded onto a sucrose-D20-
H2O density gradient (Fig. 5B). The same procedure was 
applied to unirradiated cells (Fig. 5 A) and irradiated (in vitro) 
isolated nuclear matrices (Fig. 5 C). The results show that when 
no UV irradiation was employed, an insignificant fraction of 
the total matrix protein (<0.1%) migrated into the high-density 
region of the gradient (Fig. 5 A). Only in the samples from 
irradiated material did labeled protein appear in that part of 
the gradient with densities >1.20 g/cm3 (fractions IS). Gen­
erally, 1.0-1.5% (irradiated cells. Fig. 5B) or 2.5-4.0% (irradi­
ated matrices. Fig. 5 C) of the total nuclear matrix protein was 
found in the high-density region of the gradient. It is most 
likely that we are dealing here with covalent RNP complexes, 
because these complexes are ribonuclease sensitive. When ma­
trices from irradiated cells were treated with RNase A before 
the extraction with SDS, also <0.1% of the total matrix protein 
label migrated into the high-density region of the gradient (Fig. 
θ 10 12 
Froction number 
FIGURE 3 Glycerol gradient analysis of hnRNA isolated from HeLa 
nuclei and HeLa nuclear matrices (skeletons). [ 3 H]hnRNA was iso­
lated from purified nuclei or from nuclear matrices by hot phenol 
extraction at 55°C, as described by Long et al. (26), and subsequently 
precipitated by the addition of ethanol. The RNA pellets were 
dissolved in a small volume of water, denatured at 63°C in 25% 
dimethyl sulfoxide, 50% dimethylformamide, 10 m M EDTA, and 
0 2% SDS for 2 mm as described by Dubroff and Nemer (45), and 
applied to 1 0 - 4 1 % isokinetic glycerol gradients containing 10 m M 
Tris, pH 7 4, and 0 1 % SDS. Centnfugation was for 3 h in a Beekman 
SW50 1 rotor (Beekman Instrument Co.) at 300,000 g at 20°C. · , 
Nuclei, O, nuclear matrices 
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S В). In subsequent experiments, the high-density RNP com­
plexes were further purified by oligothymidylic acid [oligo-
(dT)]ceUulose chromatography in the presence of SDS. 
Oligo(dT)-Cellulose Chromatography of 
Covalent hnRNP Complexes 
Because we were interested to know which proteins were 
cross-linked to hnRNA, ["'SJmethionme-labeled covalent 
hnRNP complexes obtained via sucrose-D20-H20 gradients 
were further fractionated on oligo(dT)-cellulose as described 
by Aviv and Leder (35) for mRNA. This procedure implies the 
presence of SDS and 0.5 M NaCl in the binding buffer before 
elution with a low-salt buffer. When total unfractionated SDS 
extracts from unirradiated nuclear matrices were applied to 
oligo(dT)-cellulose columns, no detectable "S-labeled proteins 
could be eluted with the low-salt buffer, indicating that chro­
matography in the presence of SDS minimizes nonspecific 
binding of proteins to the column material. On the other hand, 
when the pooled "S-labeled covalent hnRNP complexes from 
the sucrose-DjO-HjO gradients were applied (fractions 1-8 of 
Fig. 5 В and C), —16-23% of the protein label was found and 
subsequently eluted from the columns. The binding of these 
labeled proteins was completely RNase sensitive. When re-
chromatography (again in the presence of SDS) was done, 
>90% of the labeled proteins were re-bound to the oligo(dT)-
cellulose and could be re-eluted with the low-salt buffer. These 
results clearly indicate that ~ 16-23% of the proteins were 
indeed covalently linked to poly(A)+hnRNA. It is interesting 
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to note here that we found that generally 17-25% of the rapidly 
labeled hnRNA associated with nuclear matrices was poly-
adenylated. Consequently, it can be assumed that the non-
bound fraction of the protein was cross-linked to 
poly(A)-hnRNA rather than to rRNA or pre-rRNA. This 
assumption could be substantiated by glycerol gradient analysis 
of the cross-linked RNA. From cells, labeled with [3H]uridine 
for 3 h and subsequently irradiated for 3 min, nuclear matrices 
were prepared. Cross-linked RNA was isolated from the phenol 
layer plus interphase fraction (see Materials and Methods), 
treated with proteinase K, denatured, and analyzed on glycerol 
gradients as described in the legend of Fig. 3. The results 
showed that the RNA components of both poly(A)+ and 
poly(A)—RNP complexes were heterogeneous in size and not 
of ribosomal nature. The possibility that the poly(A)—hnRNA 
complexes could be derived from poly(A)-contaming com­
plexes as a result of RNA-chain breakage during the boiling of 
the matrices in SDS cannot totally be excluded. However, 
when hnRNA was prepared from matrices by use of the 
standard procedure of phenol extraction at 55°C (thus omitting 
the boiling in SDS), a similar percentage of poly(A)-containing 
hnRNA (-20%) was found, indicating that boiling in SDS 
does not generate significant amounts of poly(A)—RNA. 
Analysis of Matrix-associated hnRNP Complexes 
The proteins associated with hnRNA in the nucleus have 
been identified only after isolation of hnRNP particles from 
disrupted nuclei under conditions that did not always exclude 
10O-
Ю 15 20 
Irradiation time (min) 
FIGURE 4 Quantitation of hnRNA cross-linking as a function of irradiation time. Labeling of HeLa cells and preparation of nuclear 
matrices was performed as described in Materials and Methods In the type of experiment depicted in A, intact cells were irradiated 
for various periods of time From these irradiated cells, nuclear matrices were prepared and analyzed. In a second type of 
experiment, nuclear matrices were isolated and subsequently irradiated (5) The nuclear matrices were boiled in 1% SDS for 2 min 
and centrifuged for 5 mm at 5,000 g, and the radioactivity in the pellet, referred to as SDS-msoluble material, was measured. A 
phenol/chloroform extraction (see Materials and Methods) was performed on the supernate to fractionate the hnRNA into a 
cross-linked (organic phase plus interphase) and a non-cross-lmked fraction (water phase). O, Percentage of [3H]hnRNA present 
in organic phase plus interphase; · , percentage of [3H]hnRNA found in SDS-msoluble material; A, percentage of [3H]hnRNA 
present in aqueous phase. 
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the possibility of nonspecific binding of proteins to exposed 
regions of RNA during the isolation procedure. As a conse­
quence, data on the number of proteins present in hnRNP 
particles vary considerably (1, 2), although the presence of a 
group of low molecular weight polypeptides (32,000-44,000 
mol wt) as the main proteins of hnRNP particles has been 
generally accepted now. 
It is of interest to know which of these hnRNPs are involved 
in the binding of hnRNA to the nuclear matrix. Considering 
the fact that ribonuclease digestion does not disrupt the nuclear 
matrix structure (see above), it can be expected that the pro-
tem(s) associated with hnRNA but not involved in the binding 
of hnRNA to the matrix will be released during ribonuclease 
15 Top 5 
Fraction number 
15 Top 
FIGURE 5 Analysis of unirradiated and irradiated nuclear matrices 
on discont inuous sucrose-D20-H20 gradients Cells were labeled 
overnight w i t h [ 3 5 S ] m e t h i o n i n e as described in Materials and M e t h ­
ods O n e p o r t i o n of the cells was irradiated for 3 m m , and then 
nuclear matrices were prepared From a second p o r t i o n of cells, 
nuclear matrices were prepared and then irradiated for 3 min. From 
the th i rd (control) port ion of cells, unirradiated nuclear matrices 
were prepared The nuclear matrix preparations were extracted w i t h 
1% SDS for 2 m m at 1СЮ°С, and the cleared extracts were layered 
o n t o sucrose-D20-H20 gradients prepared as described in Materials 
and Methods Centnfugat ion was carried o u t for 18 h at 240,000 g 
m a Beekman SW501 rotor at 20°C (A) 1% SDS extract of nuclear 
matrices f rom contro l , unirradiated cells. (B) 1% SDS extract of 
nuclear matrices f rom cells irradiated for 3 m i n (in v ivo cross-
l inking) (C) 1% SDS extract of nuclear matrices irradiated for 3 m m 
after isolation of the matrices (in v i t ro cross-linking) ( D ) As for B, 
b u t after isolation of the nuclear matrices f r o m the irradiated cells, 
these were incubated w i t h RNase A (100/ig/ml) for 20 m i n at 37 0 C 
treatment. In such experiments, matnees were prepared from 
cells labeled with [^Sjmethionine and incubated with and 
without RNase A at 370С (see legend of Fig. 6). Although 
>80% of the hnRNA was released from the matrices by the 
ribonuclease treatment (cf. Fig. 2), only 1-2% of the total 3 5 5-
labeled proteins were released from the nuclear matrices, in­
dicating that hnRNA-associated proteins are only a very minor 
fraction of the total matrix protein. Therefore, the protein 
patterns of matrices before and after incubation look very 
similar (Fig. 6, lanes 2 and 3). Nevertheless, some prominent 
polypeptides were released from the matrices as a result of the 
ribonuclease treatment. A number of them were found in the 
33,000-38,000 mol wt range and probably are identical (at least 
in mobility on SDS gels) with some of the main hnRNP 
subparticle proteins (10). 
In attempts to determine which matrix protem(s) are in­
volved in the binding of hnRNA, we irradiated [^SJmethio-
nine-labeled cells with UV light to cross-link hnRNA in vivo 
to proteins tightly associated with it. Nuclear matrices from 
30 tí" 
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FIGURE 6 Analysis of proteins released f rom nuclear matrices by 
RNase A. HeLa cells were labeled w i th [3 5S]methionine and nuclear 
matrices were prepared as described in Materials and Methods O n e 
half of the matrix preparation was Incubated w i th RNase A (100 μ g / 
m l , 20 m m , 370C) in 1 ml RSB buffer, the other half was incubated 
in 1 ml of RSB buffer only After the incubat ion, the nuclear matrix 
suspensions were centnfugated (5 m m at 5,000 g ) . The pellets, 
conta in ing the residual nuclear matrix proteins, and the supernates, 
conta in ing the proteins released d u r i n g the incubat ion, were pre­
pared for SDS gel electrophoresis as described in Materials and 
M e t h o d s The f igure shows a f luorograph of a 10-18% gradient gel. 
Lane T, molecular weight marker proteins; lane 2, nuclear matrix 
proteins f r o m contro l- incubated matrices; lane 3, nuclear matrix 
proteins f r o m RNase A - i n c u b a t e d matrices; lane 4, proteins released 
d u r i n g the incubat ion of nuclear matrices w i t h RNase A, lane 5, 
proteins released d u r i n g the contro l incubat ion of HeLa nuclear 
matrices 
40 
VAN EEKEUN AND VAN VENROOII hnRNA Btnöing to Nuclear Matrices 5 5 9 
these cells were dissolved by boiling in 1% SDS and cross-
linked poly(A)+ and poly(A)—hnRNP complexes were puri-
fied as described above. The cross-linked hnRNP complexes 
were extensively treated with a mixture of RNase A and 
micrococcal nuclease before analysis of the proteins on SDS 
Polyacrylamide slab gels was carried out. Fig. 7 shows a 
lluorogram of such an analysis. No hnRN A-associa ted proteins 
could be isolated from nonirradiated cells or matrices (Fig. 7, 
lanes 2 and i). From irradiated matrices or from matrices of 
irradiated cells, a typical pattern of hnRNA-associated proteins 
was obtained (Fig. 7, lanes 4-7), which proteins are a subset of 
the matrix proteins (cf. Fig. 6, lane 2, and Fig. 7, lane S). It is 
evident that the patterns of proteins cross-linked to 
poly(A)+hnRNA (Fig. 7, lanes ·* and J) and poly(A)-hnRNA 
(Fig. 7, lanes 6 and 7) are strikingly similar. In both cases, the 
major cross-linked polypeptide has a molecular weight of 
42,000. In other experiments, in which a different type of 
acrylamide gel was used, this major cross-linked protein was 
separated into two polypeptides of 41,500 and 43,000 mol wt, 
respectively (Fig. 8, lane 1). 
These results were confirmed by another type of experiment. 
Covalent RNP complexes, labeled in the RNA moiety by 
incubating the cells for 15 min in medium supplemented with 
{3H]adenosine, [3H]uridine, and [3H]cytidine (see legend to Fig. 
7) before harvesting and UV irradiation, were isolated as 
described above for ('ñSJraethionme-labeled complexes. 
Poly(A)-contammg hnRNP complexes were purified by 
oligü(dT)-cellulose chromatography and treated exhaustively 
with a mixture of RNase A and micrococcal nuclease. When 
the oUgo(dT)-cellulose eluate from nonirradiated cells was 
digested, no TCA-precipitable radioactivity was obtained. 
After irradiation, however, 0.05% of the RNA label originally 
present could be precipitated by TCA by virtue of its covalent 
binding to protein. Knowing that 50-80% of the hnRN A was 
cross-linked to protein and assuming the average length of an 
RNA strand to be ~2,500 nucleotides, this means that one to 
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FIGURE 7 Analysis of proteins cross-linked to poly(A)+ and poly(A)-hnRNA by UV irradiation. H e l a cells were labeled overnight 
with [3 5S]methionine as described in Materials and Methods. O n e part of the cells was irradiated for 3 min, and from these 
irradiated cells nuclear matrices were prepared. From a second portion of cells, nuclear matrices were prepared and then irradiated. 
From a third portion of cells, unirradiated matrices were isolated. The three batches of nuclear matrices were extracted with 1 % 
SDS (2 mm, 100 o C), and the soluble fractions were applied to discontinuous s u c r o s e - D 2 0 - H 2 0 gradients To the fractions 
containing the cross-linked hnRNA-protein complexes (corresponding to the fractions 1-8 of Figs. 5 A - C ) , NaCI was added to a 
final concentration of 0.5 M. Via oligo(dT)-cellulose chromatography (35), the cross-linked material was fractionated into poly(A)+ 
and poly(A)—hnRNP. The latter fraction was dialyzed overnight against 10 m M Tris, pH 7.4. The dialysed poly(A)—hnRNP fraction 
and the low-salt oligo(dT)-cellulose eluate, containing poly(A)+hnRNP, were treated with RNase A (25μg/ml) and micrococcal 
nuclease (400 U/ml) in the presence of 1 m M C a 2 * for 1 h at 37°C. After the nuclease digestion, the proteins in the samples were 
precipitated with 7% TCA, washed twice with acetone, dissolved in sample buffer, and subjected to Polyacrylamide gel 
electrophoresis. In a similar type of experiment, HeLa cells (2 X 10 e cells/ml) were labeled for 15 min with [3H]adenosine, 
[3H]uridine, and [3H]cytidine (each 2 μΟ/πιΙ), then harvested and irradiated for 3 mm. Poly(A)-conlaining hnRNA-protein 
complexes were isolated and digested with nucleases as described above for the [3 BS]methionine-labeled complexes. The proteins 
in the samples were then prepared for SDS Polyacrylamide gel analysis and fluorography. The figure shows a fluorograph of 10% 
Polyacrylamide gels. Lane 1, molecular weight marker proteins (for lanes 2 - β ) ; lane 2, proteins covalently associated with 
poly(A)—hnRNA from unirradiated cells; lane 3, proteins covalently associated with poly(A)+hnRNA from unirradiated cells; lane 
4, proteins cross-linked to poly(A)+hnRNA from cells irradiated with UV light for 3 min; lane 5, proteins cross-linked to 
poly(A)+hnRNA from matrices irradiated with UV light for 3 min; lane 6, as lane 5, but poly(A)—hnRNA; lane 7, as lane 4, but 
poly(A)—hnRNA; lane 8, total nuclear matrix protein; lane 9, proteins covalently associated with poly(A)-l-hnRNA from irradiated 
cells labeled by their residual [ 3 H]RNA components. Arrows indicate the positions of marker proteins, only for lane 9. 
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FIGURE 8 Comparison of hnRNP proteins w i th proteins released 
f rom nuclear matrices by RNase A digestion and proteins that can 
be cross-l inked to po ly (A)+hnRNA by UV irradiat ion of intact cells 
The samples of [3 5S]methionine- labeled proteins were prepared as 
described in the legends of Figs 6 and 7 The figure shows a 
f luorograph of a 10-18% SDS Polyacrylamide gel Lane 1, proteins 
cross-l inked to po ly (A)+hnRNA isolated f rom cells irradiated w i th 
UV light for 3 mm (compare Fig. 7. lane 4), lane 2. proteins released 
dur ing the incubat ion of nuclear matrices w i th RNase A (compare 
Fig- 6, lane 4); lane 3, molecular weight marker proteins for the lanes 
1 and 2: lane 4, crude preparation of [3 5S]methionine- labeled pro-
teins f rom HeLa cell 30S hnRNP particles, isolated fo l l ow ing the 
method of Beyer et al (10); lane 5, molecular weight marker proteins 
for lane 4. A, B, and С indicate the molecular weight ranges of the 
three groups of main hnRNP proteins that can be discerned in 
isolated hnRNP particles, according to Beyer et al. (10). 
three nucleotides remained attached to proteins of the covalent 
poly(A)-containmg hnRNP complexes. When these proteins 
were analyzed by gel electrophoresis, the fluorograph showed 
that the residual [3H]radioactivity was associated with proteins 
of 41,500 and 43,000 mol wt (Fig. 7, lane 9). When, in the 
control experiment, the same procedure was applied to nonir-
radiated cells, no protein-associated 3 H label could be detected 
on the fluorograph (not shown). This result proves that these 
two proteins are directly associated with the hnRNA and not 
indirectly, for example, by disulfide bonds. 
The 41,500 and 43,000 mol wt proteins were not released by 
the standard high-salt treatment during the preparation of 
nuclear matrices, as irradiation of isolated nuclear matrices 
cross-linked about the same amount of these proteins as did 
irradiation of whole cells. Both proteins were also not released 
during the RNase treatment of nonirradiated matrices (cf. Fig. 
6). These facts and the finding that these proteins specifically 
can be cross-linked to hnRNA by UV irradiation of intact cells 
strongly suggest that the proteins are involved in the binding 
of hnRNA to the nuclear matrix. 
DISCUSSION 
The protein components constituting the internal part of the 
nuclear matrix have not been identified or localized yet, as has 
been done for cytoskeletal proteins by, for example, immuno­
fluorescence studies. However, several groups of workers using 
various kinds of isolation procedures have described the mor­
phology of such structures in many types of cells (12, 16-18, 
36). Besides that, evidence has been obtained that intranuclear 
matrix structures are involved in processes such as DNA rep­
lication (37), hnRNA attachment (17, 18), and specific hor­
mone binding (38). 
In this study we have presented a method to isolate nuclear 
matrices of HeLa S3 cells in which special care was taken to 
avoid damage by proteolytic or ribonuclease activities. The 
isolated nuclear matrices were composed of a peripheral layer 
and an internal matrix consisting of nucleolar and fibrillar 
structures. They were strikingly similar to nuclear matrices 
isolated from various types of cells by other workers (17, 18, 
26). In our method of matrix isolation, the high-salt extraction 
to remove digested DNA (17) was preceded by a centrifugation 
of the DNase 1-treated nuclei over a sucrose layer because this 
evidently led to increased conservation of internal structures. 
It was confirmed that rapidly labeled hnRNA copurified with 
the matrices, and we were able to show that undegraded 
hnRNA could quantitatively be recovered from purified ma­
trices (Fig. 3). The RNA did not seem to be essential for the 
integrity of the internal fibrillar structure (Fig. 1B). The asso­
ciation of hnRNA with the nuclear matrices proved to be very 
stable, a finding that is in agreement with recent results of 
Long et al. (26). The hnRNA can be recovered from nuclear 
matrices only by disruption of these structures. Harsh treat­
ments such as 8 M urea, 2 M KCl, 5% DOC, 10 M formamide, 
or prolonged sonication did not release the hnRNA from the 
matrix (26; and our own unpublished results). Because, for 
example, sonication or extraction with buffers is routinely used 
for the isolation of hnRNP particles from nuclei (1,2), it should 
be realized that, among the proteins present in such prepara­
tions probably matrix proteins, involved in the binding of 
hnRNA, are also present. 
To distinguish between the matrix proteins bound to hnRNA 
and the packaging proteins associated with the hnRNA but not 
with the matrix, we treated nuclear matrices with ribonuclease. 
Because the matrix itself is ribonuclease resistant, such a treat­
ment releases only the proteins that are associated with the 
hnRNA and not with the matrix (generally 1-2% of the total 
matrix protein). Some prominent polypeptides were released 
specifically by the ribonuclease treatment (Fig. 6). Three to 
five of the released proteins were found in the 33,000-38,000 
mol wt range and comigrated on SDS Polyacrylamide gels with 
the group A and В protems (32,000-34,000 and 36,000-37,000 
mol wt, respectively) described by Beyer et al. (10) as being the 
main hnRNP subparticle proteins (see Fig. 8). 
The matrix protems involved in the binding of hnRNA were 
analyzed after their cross-linking to the RNA by UV irradia­
tion. UV irradiation (at 254 nm) is known to induce covalent 
cross-linking of protein to DNA and to RNA, and the specific­
ity of UV-induced cross-linking has been confirmed by many 
investigators (28, 39-43). It is generally agreed upon that a 
firm, noncovalent complex must be present at the time of 
irradiation to achieve covalent cross-linking (40-43). To cor­
roborate the specificity of the association of hnRNA with the 
nuclear matrices, UV irradiation was performed on intact cells 
as well as on isolated nuclear matrices. Furthermore, the cross-
linked complexes were purified in the presence of SDS to 
prevent copurification of noncovalently associated proteins. 
Although there also seems to be some cross-linking of predom-
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mant proteins of the nuclear matiu preparations, two minor 
nuclear matrix components (41.500 and 43,000 mol wt) were 
very efficiently cross-linked to poly(A)+hnRNA as well as to 
poly(A)—hnRNA by both in vivo and in vitro irradiation (Figs 
7 and 8) In addition to that, the same type of experiment was 
also performed on hnRNP complexes labeled in the RNA 
moiety After purification of the hnRNP complexes, the RNA 
was exhaustively digested away The residual TCA-precipilable 
radioactivity was covalently attached to protein and sufficient 
ш amount (about one to three nucleotides per protein molecule) 
to visualize these proteins after fiuorography (Fig 7, lane 9) 
The major proteins that were cross-linked to hnRNA in these 
experiments had apparent molecular weights of 41,'iOO and 
43,000 (Fig 8), and we found that these proteins comigrated 
on SDS Polyacrylamide gels with the group С proteins (42,000-
44,000 mol wt) described by Beyer et al (10) as "interacting 
directly with hnRNA to form a smaller high salt-resistant 
complex " On the basis of salt dissociation studies on hnRNP 
particles, Beyer et al (10) concluded that these group С proteins 
are more tightly associated with hnRNA than are the group A 
and В proteins A protein with a similar molecular weight 
(40,000) was also described by Augenlicht et al (44) m the 
human colon carcinoma cell Ime H2-29 They reported a 
nuclease-resistant complex of —26 ribonucleotides and a major 
protein of 40,000 mol wt that was distinct from the major 
hnRNP protein in these cells which had a molecular weight of 
34,000 
The results depicted in Fig 7 may suggest that other hnRNP 
proteins (for example, the 33,000-38.000 mol wt A and В 
proteins) were not cross-linked to the RNA during UV irradia­
tion However, recent experiments' have shown us that at least 
two additional polypeptides (correbponding in mobility on SDS 
gels to the Bi and B¿ hnRNP core proteins) are cross-linked to 
hnRNP as well, although much less efficiently than are the С 
proteins A possible explanation for this would be the fact that 
the A and В hnRNP core proteins are not as tightly associated 
with hnRNA as are the С protems, as has been demonstrated 
by salt-dissociation studies (10) It is known that efficient cross-
linking by UV irradiation occurs only when the interacting 
molecules are close and when their reactive groups are less 
than one bond length apart (39) 
Our experiments, thus, indicate quite clearly that the 41,500 
and 43,000 mol wt proteins are present in 0 4 M (NbbbSO,,-
washed nuclear matrices and are tightly associated with 
hnRNA However, they are apparently not released by the 
nbonuclease treatment of these structures (Fig 6) The most 
likely explanation for these results is to assume that hnRNA is 
bound to the nuclear matrix via these protems 
As a conclusion we may state that our expenments mdtcate 
that there is a specific association of hnRNA with a nuclear 
protein matrix The hnRNA m nuclear matrices is associated 
with a specific set of protems that are very similar to the 
hnRNA-associated protems found by other groups Some of 
these hnRNA-associated protems seem to function in the 
hnRNA-nuclear matrix binding The hnRNA-containing nu­
clear matrix is, to a certain degree, an accurate representation 
of the ш vivo situation, because hnRNA present in isolated 
matrices is associated with the same set of proteins as it is in 
the mtact cell Thus, the nuclear matrix may represent a very 
useful model structure for studies on the processing and trans­
port of RNA m the nucleus 
1
 С A G van Eekelcn Manuscript in preparation 
We arc grateful to Dr H Bloemendal in whose laboratory this inves­
tigation was carried out We thank Dr A M Stadhouders and his co­
workers in the Laboratory of Submicroscopic Morphology, University 
of Nijmegen, for preparing the samples for electron microscopy We 
also thank A Groencveld for cultunng the cells and R Bekkers for his 
helpful participation in the experiments We are indebted to Dr А О 
Pogo for communicating some of his results before publication 
This work was supported in part by the Netherlands Foundation for 
Chemical Research ( S O N ) and the Netherlands Organization for the 
Advancement of Pure Research ( Z W O ) 
Received for publication 13 August 1980, and in revised form 28 October 
1980 
REFERENCES 
1 Heuinch R С V Gross, W Northcmao and M ScfaeurleiL 1978 Stmcturc Uld hlitction 
of nuclear пЬопцскоргоІеш complexes Rev Phynot BuKhenL Phurmocot 61 102 IM 
2 van Venrooij W I and D В Janssen 1978 hnRNP pamela Mot ВіЫ Rep 4 1 - 8 
3 Samanna, О Р Е М Lukanidui. J Molnar and G Ρ Geofgiev 1968 Stmctural 
oigamzation of nuclear complexes containing DNA like RNA J Mot Biol ЭЭ 231 263 
4 Pedenon Τ 1976 A unifying concept of lb« molecular organization of chromatin and 
пЬотккорпкеш J Cell Bal 70(2, Pt 2) 308 α (Abur ) 
5 Sekens, С E and J Niessing 197S Evidence for the ехшеікс of a stmaural RNA 
component m ibe nuclear RNP particles containing hnRNA Bioclum Btopkys Reí 
Commun 62-642-650 
6 Louis, Ch a n d C E Sekens 1977 Isolation of тГоттоГеге* from rat liver ElTectsofo· 
атдпшп and actinomycin D Exp Cell Rex. 102 3)7-328 
7 Miller Τ E С Y Huang, and A O Pogo 1978 Rat liver nuclear skeleton and small 
molecular weight RNA species J Cell Biol 76692-704 
8 Flilzanis,C A Alonso С Louta, L Kneg.ai idC E Sekens. 1978 Associations of small 
nuclear RNA with hnRNA isolated from nuclear RNP complexes carrying hnRNA 
FEBS (Fed. Eur Biochem Sec ) Let! 96 201 206 
9 Kumar A and Τ Pedenon I97S Comparison of proteins bound to hnRNA and mRN A 
ш HeLa cells J Mol Biol 96 3S3 363 
10 Beyer A L M E Chnslensen. В W Walker and W M USlourgeon 1977 Idenufi 
cation and characlenzalion of the packaging proteins of core 405 hnRNP panicles Cell 
II 127 138 
11 Kam J G Vidait L С BofTa and V G Allfrey 1977 Charactenzation of the non 
histone nuclear proteins associated with rapidly labeled hnRNA J Biol Chem 232 7307 
7322 
12 Berezney R and D S ColTey 1974 Idenuficalion of a nuclear protein matrix Bloehem. 
Biophys. Res Commun. 60 1410-1417 
13 Faifennan 1 and А О Pogo 1975 Isolation o fa nuclear nbonudeoprotcin network that 
contains heterogeneous RNA and is bound to the nuclear envelope Biochemistry 14 
3808 3816 
14 Comings. D E and Τ A Okada 1976 Nuclear proteins. Ill The flbnlltr nature of the 
nuclear matrix Exp Cell Res 103 341 360 
15 Hodge L D P Mancini F M Davis, and Ρ Heywood 1977 Nuclear matrix of HeLa 
S3 cells J Cell Biol 72 194-208 
16 Wunderlich F and G Herían 1977 A rcveraibly contractile nuclear matni J Cell ВІЫ 
71217 278 
17 Herman R L Weymouth and S Penman 1978 Heterogeoeoiu nuclear RNA protein 
fibera m chromatin-dcpleted nuclei J Cell Biol 78 663-674 
18 Miller Τ E. С Y Huang, and A O Pogo 1978 Rat liver nuclear skeleton and 
nbonucleoprotein complexes containing hnRNA / Cell Biol 76-675-691 
19 Herían G W A Ecken W KalTentxiger and F Wunderlich 1979 IsoUuon and 
charactenzation of an RNA-conlaining nuclear matrix from Tetrahymena macronudei 
Вюсііетіягу 18 1782 1787 
20 Mitchelson К R A G M Beker*, and F Wanka. 1979 Isolation of a residual protein 
structure from nuclei of the myxomycele Physanàm polycepholum. J Cell Sci 39 247 256 
21 Aaronson Ρ R and G Blobel 1975 Isolation of nuclear pore complexes in association 
with a lamina Proc Noll Acad Sci U S A 72 1007-1011 
22 Dwyer N and G Blobel 1976 A modified procedure for the isolation ofa pole complex 
lamina fraction from rat bver nuclei J Cell BujL 70-581 591 
23 Franke W W 1977 Structure and function of nuclear membranes. Biochem. Soc Symp 
42 125 135 
24 Krohne G W W Franke S Ely A D Arcy and E lost 1978 Localizauon o fa nuclear 
envelope associated prolem by indirect immunofluofesoence тшпнеору using antibodies 
against a major polypeptide from rat bver fradions ennched in nuclear envelope associ 
ated material Criobiologie 18 22 38 
25 Gerace L A Blum and G Blobel 1978 Immunocylochemical Іосаіігаіюп of the тА|ОГ 
polvpeplides of the nuclear pore complex lamina fraction J Cell Вий 79 546-366 
26 Long Β H С Y Huang and А O Pogo 1979 Isolation and characlenzalion of the 
nuclear matrix in Fnend erythroleukemu cells, chromatin and heterogeneous RNA 
interactions with the nuclear nuunx Cell 18 1079 1090 
27 Smith G К К J Schray and S W SchalTcr 1978 Use of 5 DTP agarose for 
nbonuclease adlnity chromatography Biochemistry 84 406-414 
28 Wagenmakers, A J M R J Reinders. and W J van Venrooij 1980 Cmas-lmking of 
mRNA to proteins by irradiation of intact cells with ultraviolet hght Eur J Bloc/uní In 
pre>s 
29 Murov S L 1973 Handbook of Photochemisuy Marcel Dekker Ine New York 119-
121 
30 Schoemaker Η Ρ J and Ρ R Schimmel 1974 Photo-induced joining of a transfer RNA 
with us cognate aminoacyl transfer RNA synthetase J Mol Biol 84 303-513 
31 Greenberg J R 1979 Uttraviolel light induced erosa-linking of mRNA to protana. 
\ι«/«·ιι A cuts Aft 6 715-732 
32 Laemmli U К 1970 Cleavage of structural proteins during the assembly of the head of 
baclenophage T4 Nature (Lorul ) 227-680-685 
33 Strimtc G F and D A Smilh 1974 Induction of subie bnkage between the deoxyn 
honudcic acid dependent nbonucleic acid polymerase d(A Tln-dfA On by ultraviolet 
5 6 2 THE IOURNAL or CELL BIOLOGY VOLUME 88 1981 
43 
light Btochrmtsirv 13 485-493 
34 Maninton H О M D Shell» and В J McTanhy 1976 Hislonc hiMonc іпіегасіюш. 
within chromatin Cross linking studies using ultraviolet light Hiochemmn 1^2002 2007 
3$ Aviv H and Ρ Lcder 1972 РипПсаііоп of bioJogHJlly active glübin mewenger RNA by 
chromatography oroligothymidylicaad-cellul«« froc Natl it ad. Sci CSA 69 І4Щ 
1412 
36 Aguiier Ρ S and J С W Richardson 1980 Nuclear non ihromatin proteinaccous 
stnjLlurcs their role in the organization and function of the шіегрЬаье nucleus J Cell 
Sei 44 395-435 
37 Pardoll D M В Vogelstein and D 5 Coffey 1980 A ñaed ute of DNA repliuilion in 
eucaryotic celb Cell 19 S27 536 
38 Barratk E R and D S CofTey 1980 The spennc binding of estrogens and androgens 
to the nudear malnx of sen hormone responsive nwue* J Biol (.hem 255 7265 727S 
39 Smith К С 1976 The radiation induced addition of proteina «and other molecules to 
nucleic acids In Photochemistry and Phoiobiology of Nucleic Асиіь S Y Wang editor 
Academic Press Ine New York 2 187 218 
40 Buduk G Ρ S S M Lam H Ρ J Schocmaker and Ρ R Schimmel 1975 Two phoub 
его*» linked complexes of isoleucine specific transfer ribonucleic acid with ammoacid 
transfer ribonucleic and tynthctascs J Biol Chem 2504433 4439 
41 Ehresmann В J Remboll andJ Ρ Ebel 1975 Studies of the binding of E coli ribosnmal 
protein S4 to 16S rRNA аПег UV irradiation of the S4-16S rRNA complex FE BS (Fed 
Eur Biockem Six) Uli 58 106-III 
42 Rou J J J D Rosa and Ρ В Sigter 1979 Photocross linking analysis of the contact 
surface of tRNAM'4 in complexes with Esehenchla coli methionine (RNA ligase Btochem 
atry 18 637 647 
43 Ehresmann В J Remboll С Backendorf D Tnisch and J Ρ Ebel 1976 Studies on 
the binding sites of Fscheriefua coli nbosomal protein S7 with 16S RNA by ultraviolet 
irradiation FEBS {Fed Eur Btochem Soc)Leit 67 316 319 
44 Augenlicht L H M McCormick and M Lipkin 1976 Digestion of chromatin and 
nuclear RNP by slaphylococcal nuclease Biochemistry 15 187 2IH 
45 DubrofT С M and A E Nemer 1975 Molecular classes of heterogeneous nuclear RNA 
in sea urchin embryos J Mol Biol 95 455-476 
VAN EtKtLEN ANI> VAN VENROOIJ HnRNA Bmdmg to Nuclear Matrices 5 6 3 
44 
CHAPTER 4 
ADENOVIRAL hnRNA IS ASSOCIATED WITH HOST CELL PROTEINS 
45 

Eur J Biochem 119 461-467(1981) 
© FEBS 1981 
Adenoviral Heterogeneous Nuclear RNA Is Associated with Host Cell Proteins 
Chris A G VAN EEKELEN Edwin С M MARIMAN Rita J REINDERS, and Walther J VAN VENROOIJ 
Department of Biochemistry, University of Nijmegen The Netherlands 
(Received Мауб/July 11, 1981) 
In this study irradiation of intact cells with 254-nm ultraviolet light was used to cross-link hnRNA to proteins 
that are closely associated with it In this way proteins interacting specifically with hnRNA could be identified 
excluding the possibility of non-specific binding of proteins to the RNA during cell fractionation In uninfected 
HeLa cells two polypeptides of 41500 and 43000 molecular weight can be cross-linked very efficiently to 
hnRNA Other proteins, with molecular weights of 36000 and 37000, were covalently linked less effectively 
Irradiation of adenovirus-mfected cells results in the cross-linking of the same polypeptides to hnRNA It was 
found, however, that hnRNA from adenovirus-mfected cells contains both viral and host transenpts Both 
classes of transcripts arc quantitatively associated with the nuclear matrix and can be cross-linked by irradiation 
with equal efficiency To determine whether both adenoviral and cellular transcripts are associated with the 
same proteins, the cross-linked adenoviral hnRNA-protem complexes were isolated by preparative hybridization 
to adenoviral DNA immobilized on Sepharose The results show that the purified cross-linked adenoviral 
hnRNA-protein complexes also contain the host 41 500-M, and 43 000-Л/, proteins as major components This 
suggests that in the infected cell adenoviral-specific hnRNA is associated with host proteins and that the 
structural organization of viral hnRNA-protein complexes in infected cells probably is similar to the organization 
of host hnRNA in uninfected cells 
Heterogeneous nuclear RNA (hnRNA) is reported to be 
associated with proteins Complexes of hnRNA and proteins, 
generally referred to as hnRNP particles, can be released 
from nuclei by somcation or prolonged extraction with buffers 
of high pH [1,2] It appears that hnRNA is not present in 
freely floating hnRNP particles but instead is quantitatively 
associated with an internal nuclear structure [3 — 5] This 
structure, termed the nuclear matrix, can be isolated by care­
fully removing DNA and its associated proteins from nuclei 
in the presence of protease inhibitors [4—7] We have shown 
earlier that hnRNA in nuclear matrix preparations was asso­
ciated with a specific set of proteins in the 32000 — 43 000-M, 
range [5] These proteins were also identified as major com­
ponents in isolated hnRNP particles [8] Two of these 
polypeptides (M, 41 500 and 43000) seem to function in the 
association of hnRNA with the nuclear matrix [5] The other 
hnRNA-associated proteins, with M, between 32000 and 
38000, are associated with the matrix via RNA 
Here we report on the organization of hnRNA in HeLa 
cells infected with adenovirus type 2 The main questions 
were is adenoviral hnRNA also attached to the nuclear 
matrix and is it associated with the same set of proteins as 
found associated with host hnRNA'' By irradiation of intact 
cells with ultraviolet light it 'is possible to cross-link RNA to 
those proteins that are in close association with the RNA [9] 
This technique enabled us to identify proteins specifically 
associated with RNA m vivo hnRNA in uninfected cells 
Abbreviations hnRNA, heterogeneous nuclear RNA hnRNP, 
hnRNA-protein complex, CNBr cyanogen bromide Mes 4 morpho 
lineethanesulphonic acid adenoDNA Sepharose adenoviral DNA со 
valently linked to Sepharose 4B 
Enzymes Ribonuclease A (EC 3 1 27 5) micrococcal nuclease (EC 
3 1 31 1), S, nuclease (EC 3 1 30 1) deoxynbonuclease 1 (EC 3 1 21 1) 
can be cross-linked most efficiently to the two polypeptides 
of M
r
 41 500 and 43000 [5] Applying the same cross-linking 
technique to adenovirus-mfected cells m vivo and selecting 
the viral-specific hnRNA-protein complexes via hybridization 
to adenovirus-DNA—Sepharose columns, the possible asso­
ciation of newly synthesized adenoviral hnRNA molecules 
with host hnRNP proteins was investigated 
MATERIALS AND METHODS 
Culturmg, Infection and Labeling of the Cells 
HeLa S3 cells were grown in suspension at 37 "C at densi­
ties of 0 5 — I x l O 6 cells/ml on Eagle's minimal essential 
medium, supplemented with 5 % newborn calf serum (Flow 
Lab Ltd, Irvine, Scotland) and vitamins Regularly performed 
mycoplasma tests "were negative Cell doubling occurred 
every 24 h The cells were infected with adenovirus type 2 
(2000 particles/cell) at a density of 5 - 1 0 x l 0 6 cells/ml in 
minimal essential medium containing 1 mM arginine After 
virus adsorption for 1 h at 37 0C, the cells were diluted to 
0 5 χ 106 cells/ml with minimal essential medium containing 
1 mM arginine and 5% newborn calf serum Cells were 
harvested 18 h after infection For preferential labeling of 
hnRNA, cells were concentrated to 107 cells/ml and incu­
bated with 5 цСі/т! [5,6-3H]uridine and/or [5-3H]cytidine 
(45 Ci/mmol and 31 Ci/mmol, respectively, purchased from 
the Radiochemical Centre Amersham, England) for 10 mm 
Isolation of Nuclear Matrix 
Nuclear matrices of HeLa cells 18 h after infection with 
adenovirus type 2 were isolated as described for uninfected 
cells [5] with the exception that the mechanical homogeniza-
47 
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tion step was performed less rigorously instcdd of using a 
motor-driven Potter-Elvehjem tissue homogenizer, as was 
done with uninfected cells, the homogenizer was operated 
by hand 
RNA-protem Cross-lmkmg in vivo 
To cross-link RNA to its associated proteins, cells were 
harvested on frozen solution A (0 13 M NaCl, 5 mM KCl, 
1 5 mM MgCU) and centrifuged for 5 mm at 800 χ ç The 
cells were resuspended m cold solution A, pelleted again and 
then resuspended at a concentration of 5 χ IO7 cells,ml The 
concentrated cell suspension was irradiated with ultraviolet 
light at 0°C for 5 mm as described earlier [5 9], 70 0 0 of the 
radiation energy was emitted at 254 nm The radiation dose 
at this wavelength received by the cells amounts to 8000 J 
m
 2
 mm"
1
, as was determined by fernoxalate actinometry 
[9] About 80% of the newly synthesized hnRNA in un­
infected as well as in infected cells was found to be cross-
linked to protein as determined by phenol;chloroform ex­
traction [5,9] 
Coupling of Adenovirus DNA to Sepharose 
Coupling of adenovirus DNA to Sepharose was performed 
essentially as described by Sidell [10] 20 ml of Sepharose 4B 
(Pharmacia AB, Uppsala, Sweden) was activated with 2 g 
CNBr as described [11] After extensive washing the CNBr-
activated Sepharose was equilibrated with 0 1 M Mes pH 6 0 
in 90 % deionized formamide 500 μg of adenovirus (type 2) 
DNA, isolated as described by Pettersson and Sambrook 
[12], in 2 ml 0 1 M Mes pH 6 0 was heated for 2 mm at 100 0C, 
rapidly frozen and subsequently thawed by adding 9 vol of 
formamide Then the activated Sepharose was added and the 
resulting mixture was gently swirled at room temperature 
overnight to allow quantitative coupling of the DNA to the 
Sepharose Then the DNA-Sepharose was incubated for 3 h 
in the presence of 1 ml ethanolamine, to fully inactivate the 
Sepharose, and extensively washed with, successively, 0 1 M 
Mes in 90% formamide, 1 M NaCl, 0 1 M NaOH, and 
distilled water The DNA-Sepharose was stored at 4 0 C in 
hybridization buffer (see below) 
Hybridization of hnRNA andhnRNP to adenoDNA-Sepharose 
The hybridization of RNA and nbonucleoprotein to 
immobilized DNA was performed essentially as described 
by Sidell [10] with a few modifications in order to reduce the 
aspecific adsorption of RNA-protein complexes to the DNA-
Sepharose Before use the adenoDNA-Sepharose was incu­
bated for 3 h at 37 "С in hybridization buffer (50 % formamide, 
50 mM Tns/HCl, 0 75 M NaCl, 0 5% sodium dodecyl-
sulphate, 1 mM EDTA, 0 1 % bovine serum albumin, 0 02% 
polyvinylpyrrolidone, 0 02% Ficoll 400 and 1 % Triton X-100) 
in order to saturate the Sepharose with carrier protein and 
thus prevent non-specific binding of protein during hybrid­
ization hnRNA or covalently linked hnRNA-protein com­
plexes were dissolved in hybridization buffer and incubated 
with the adenoDNA-Sepharose for 65 h at 42 0C After 
hybridization the adenoDNA-Sepharose was transferred to 
a column and washed extensively at 42 °C with hybridization 
buffer Then the DNA-Sepharose was washed with 5 vol of 
hybridization buffer without albumin, in order to reduce the 
albumin concentration in the eluate Adenoviral RNA or 
nbonucleoprotein complexes were eluted at 70 С with л 
buffer containing 90 % formamide, 0 1 mM Tns/HCl pH 7 4 
0 01 mM EDTA, 0 05 % sodium dodecylsulphate and 200 mM 
NaCl After this elution procedure the DNA-Sepharose was 
treated with 0 1 M NaOH at 30 0C to remove the remaining 
traces of RNA The 0 1 M NaOH eluate appeared to con­
tain some non-specifically bound material (0—3 o 0 of the 
total incubated RNA) but also some of the specifically bound 
material (generally 10—15% of the RNA or nbonucleo­
protein present in the 90% formamide eluate) This latter 
material was probably retained during the elution step by 
ion-exchange properties of the DNA-Sepharose [10] intro 
duced by activation and coupling procedures The DNA 
Sepharose vvas resuspended in hybridization buffer and 
stored at 4"C and could be used several times without 
noticeable reduction in binding capacity 
RESULTS 
Nuclear matrices from uninfected HeLa cells were isolated 
as described earlier [5] In this procedure membrane-depleted 
nuclei of HeLa cells are incubated with DNase 1 (freed from 
RNase and protease), then spun through a 1 M sucrose layer 
resuspended in 0 4 M (NH4)2S04 and pelleted again In this 
way more than 99 % of the DNA and its associated proteins 
is removed from the nuclei leaving a nuclear matrix structure 
as shown in Fig 1A 
When the same procedure was applied to nuclei, isolated 
from HeLa cells 18 h after infection with adenovirus, nuclear 
matrix structures, as shown in Fig IB, were obtained Also 
in this case most (more than 97%) of the cellular as well 
as the viral DNA was removed from the nuclei during nucleai 
matrix isolation The mechanical stability of the nuclei 18 h 
post-infection was reduced as compared to that of nuclei 
from uninfected cells Therefore, a milder cell fractionation 
procedure, in which the mechanical homogenization with a 
Potter-Elvehjem tissue homogenizer was omitted, had to be 
used Inhibition of proteolytic activity proved to be essential 
for the isolation of intact matrix structures, since endogenous 
proteases or trace amounts of chymotrypsin, present in com­
mercial DNase 1 preparations, degraded the protein com­
ponents of the matrix structure In experiments m which the 
protease inhibitor phenylmethylsulfonyl chloride had been 
omitted, only about 20% of the hnRNA was preserved in 
the resulting matrix preparations This was due to fragmen­
tation of the matrix structures as was found by observation 
under the microscope The nuclear matnees of infected cells 
show a similar architecture to matrices from uninfected cells 
the peripheral layer, derived from pore complexes and nuclear 
lamina and the internal granofibnllar structures In addition 
structures can be discerned that resemble the different types 
of inclusions that have been found in the nuclei of KB cells 
after infection with various types of adenovirus [13,14], while 
a variable number of viral particles can also be seen (Fig 1B) 
Although virtually all DNA and DNA-associated proteins 
were removed from the nuclear matrix structures, the newly 
synthesized heterogeneous nuclear RNA remained associated 
with the matrix In uninfected cells 97 % of the hnRNA was 
associated with matrix structures and in adenovirus infected 
cells 95% The hnRNA extracted from nuclei and nuclear 
matrices of both infected and uninfected cells was analyzed 
on glycerol gradients (Fig 2) It was found that the hnRNA 
isolated from nuclear matrices had sedimentation profiles 
similar to those of the corresponding hnRNA extracted 
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Fig. 1. Electron micrographs of HeLa nuclear matrices. Nuclear matrices of infected and uninfected cells were prepared for electron microscopy 
as described [5]. (A) Nuclear matrix isolated from an uninfected HeLa cell; the bar represents 1 μτη. (В) Nuclear matrix isolated from HeLa 
cells 18 h after infection with adenovirus 2, the bar represents 1 μηι 
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Ο 4 8 12 16 20 2 4 2 8 32 36 
bottom top 
Friction number 
Fig. 2. Glycerol gradient analysis of hnRNA isolated from infected and 
uninfected HeLa nuclei and nuclear matrices. {3H]hnRNA was isolated 
from purified nuclei or from nuclear matrices by hot phenol extraction 
at 55 °C [20], and subsequently precipitated by the addition of ethanol. 
The RNA pellets were dissolved in a small volume of water, denatured 
at 63"C in 50% dimethylformamide, 25% dimethylsulfoxide, 10 mM 
EDTA and 0.2% sodium dodecylsulphate for 2 min [30] and applied 
onto 15-43% isokinetic glycerol gradients containing 10 mM Tris 
pH 7.4 and 0.1 % sodium dodecylsulphate. Centrifugation was for 16 h 
at 20"C in an IECSB283 rotor at 200000 χg. (A) Uninfected cells: 
( · ) nuclear RNA, (О) nuclear matrix RNA; (В) (18h) infected cells: 
( · ) nuclear RNA, (О) nuclear matrix RNA 
directly from whole nuclei, indicating that undegrated hnRNA 
molecules can be isolated from nuclear matrix preparations. 
This could be further substantiated by demonstrating the 
presence of uninterrupted adenoviral precursor RNAs com­
plementary to restriction fragments of the adenoviral genome 
[33]. 
Earlier we showed that specific proteins can be cross-
linked to polyadenylated and non-polyadenylated hnRNA by 
irradiation of HeLa cells with ultraviolet light [5]. In order 
to investigate the possible interaction of adenoviral tran­
scripts with proteins, we have performed similar cross-
linking experiments on adenovirus-infected cells. About 50 % 
of the hnRNA was adenospecific both in hnRNA cross-
linked to protein and in non-cross-linked hnRNA, indicating 
that viral-specific hnRNA can be cross-linked to protein 
equally efficiently as host hnRNA. To characterize the pro­
teins cross-linked in vivo to hnRNA, covalently linked poly­
adenylated hnRNP complexes from infected and uninfected 
cells were isolated by oligo(dT)-cellulose chromatography 
[15]. The hnRNP complexes, labeled in the RNA moiety as 
described in Materials and Methods, Vvere digested extensively 
with nucleases, which left attached between one and three 
nucleotides to each polypeptide. By virtue of these remaining 
nucleotides the proteins which were cross-linked to the poly­
adenylated hnRNA were identified by gel electrophoresis and 
fluorography [5,9]. When samples were prepared from un­
irradiated cells no labeled polypeptides could be detected 
on the ñuorograph (Fig. 3, lanes 1 and 4). In uninfected cells 
major proteins or M, 41 500 and 43000 were cross-linked to 
polyadenylated hnRNA (Fig. 3, lane 2). These proteins cor-
respond in Mr to the С proteins of hnRNP core particles 
using the nomenclature of Beyer et al. [8]. Of the other 
hnRNP core proteins, the В proteins (M
r
 36000 and 37000) 
were cross-linked also, but less efficiently, to polyadenylated 
hnRNA (Fig. 3, lane 2). The A proteins (M
r
 32000 and 34000) 
could apparently not be cross-linked to hnRNA. The same 
set of proteins as in uninfected cells were cross-linked to 
polyadenylated hnRNA of infected cells (Fig. 3, lane 3). So 
the obvious conclusion seems to be that adenoviral hnRNA 
is associated with the same proteins as host hnRNA. 
However, as already stated above, the hnRNA from 
nuclei or nuclear matrices of cells 18 h after infection with 
adenovirus is only partly virus-specific. Beltz and Flint [16] 
49 
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Flg. 3. Analysis of proteins cross-linked lo polyadenylaied hnRNA hy 
uliraviolei irradiation of intact HeLa cells. Uninfected and adenovirus-
mfected HeLa cells (4x Ю6 cells/ml) were incubated with pHluridine 
(5 цСі/тІ) and [3H]cytidine (5 цСі/тІ) for 2 h at 37°C. Then the cells 
were harvested and one portion was irradiated for 5 min with ultraviolet 
light as described [5.9]. From the unirradiated and irradiated cells nuclear 
matrices were prepared. The matrices were dissolved in 1 "„ sodium 
dodecylsulphate by heating them for 2 min at 100 С NaCl was added 
to a final concentration of 0.5 M and poly(A)-containlng hnRNA and 
hnRNP complexes were selected by oligo(dT)-cellulose affinity chro­
matography. Using this procedure all nuclear matrix proteins were 
separated from the proteins covalently cross-linked to polyadenylaied 
hnRNA. The low-sail eluates of ihe oligo(dT>-cellulose columns, con­
taining polyadenylaied hnRNA and hnRNP complexes, were then 
treated with RNase A (25 μg/ml) and micrococcal nuclease (400 U/ml) 
in the presence of 1 mM Ca2* fori hat 37 С. After the nuclease digestion 
trichloroacetic acid was added to a final concentration of 7"0 to 
precipitate the proteins, the pellets were washed twice with acetone. 
dissolved in sample buffer and subjected to Polyacrylamide gel electro­
phoresis [31]. The figure shows a fluorograph of a 10-I8"„ Poly­
acrylamide gradient gel The proteins cross-linked to [3H)hnRNA are 
visible on the fluorograph owing to the few radioactive nucleotides that 
remained attached covalently linked to the proteins after nuclease 
digestion. Lane 1. proteins covalently bound to hnRNA from uninfected 
unirradiated cells; lane 2. proteins covalently bound to hnRNA from 
uninfected irradiated cells; lane 3. as 2. but from irradiated cells 18 h 
after adenovirus infection; lane 4. as 3. unirradiated cells. 18 h after 
adenovirus 2 infection. The M, ( χ IO'3) of marker proteins run on the 
same gel are indicated 
have pointed out that although the newly synthesized cyto­
plasmic mRNA from infected cells could be hybridized for 
nearly 100 0 0 to adenoviral DNA. the newly synthesized 
hnRNA from these cells was viral-specific only for about 
4 5 - 5 0 V When we hybridized polyadenylaied hnRNA and 
mRNA from uninfected and adenovirus-infected cells to 
[3H]cDNA, complementary to host polyadenylaied mRNA. 
hybridization kinetics as presented in Fig. 4 were found. 
These curves show that although the percentage of host-
specific mRNA 18 h post-infection has decreased drastically 
in the cytoplasm (to less than 20 0 0 of the total polyadenylaied 
mRNA), the amount of hnRNA-containing host sequences 
stays at about the same level as in the uninfected cell. These 
data corroborate those of Beliz and Flint [16] and suggest 
that host DNA sequences are still transcribed 18 h post-
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Fig. 4. Molecular hybridization of poly(A)-con¡aming nuclear and cyto-
plasmic RNA from adenovirus-infecled and uninfected HeLa cells to 
l3H¡cDNA. complementary lo HeLa polylAhcomaining mRNA. Poly-
adenylaied mRNA and hnRNA were prepared from total phenol-
extracted cytoplasmic or nuclear RNA by o1igo(dT)-cellulose chromatog-
raphy as described by Aviv and Leder (15). с DNA complementary io 
polyadenylaied mRNA of HeLa cells was prepared as described (32). 
Molecular hybridization of ('HjcDNA to excess polyadenylaied RNA 
from nuclei and cytoplasm of infected and uninfected cells was performed 
in series of 5-μΙ incubations, sealed In capillaries, for 65 h at 65 С in 
0.2 M phosphate buffer pH 6.8 containing 0.5 "„ sodium çlodecylsulphate. 
After hybridization the samples were cooled on ice and each sample was 
treated with 1500 units S] nuclease (Aspergillus oryzae. Miles Lab. Inc.. 
England) for 1.5 h at 45 С in 2 ml Si buffer (30 mM sodium acetate 
pH 4.5.0.3 M NaCl. 1 mM ZnCb. 10 \f.% ml single-stranded and 5 ng ml 
double-stranded calf thymus DNA). After Si treatment carrier tRNA 
was added and Si-resistant [3H)cDNA was precipitated in I2.5"„ tri­
chloroacetic acid for 15 min at 0 C. subsequently filtered on Millipore 
and counted in a liquid scimillation analyzer. Each point shown in the 
figure represents the average percentage of Si-tesislant 'H-cDNA at 
that value of log rat. determined from three independently performed 
hybridizalions. (A) Hybridization of polyadenylaied mRNA from un­
infected cells (T T) and cells 18 h after adenovirus infection ( a - O). 
(B) Hybridization of polyadenylaied hnRNA from uninfected cells 
(ψ •) and cells 18 h after adenovirus infection (O O) 
infection. Thus, in order to known which proteins are cross-
linked specifically to adenoviral hnRNA. it seemed necessary 
to isolate hnRNA-protein complexes containing adenoviral 
hnRNA only, and to characterize their protein moiety. 
Free adenoviral hnRNA and covalent adenoviral hnRNA-
protein complexes were hybridized to adenovirus DNA 
immobilized on Sepharose. Non-specific binding of protein 
to the adenoDNA-Sepharose was minimized by including 
detergents and carrier protein in the hybridization buffer (see 
Materials and Methods). The results of such hybridization 
experiments are shown in Table 1. Control hybridizations 
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Table 1 Hybridisation of hnRNA and covalenlly linked hnRNA-proiein 
complexes to adenoDNA-Sepharose 
Nuclear matrices were prepared from irradiated and unirradiated in­
fected and uninfected cells, labeled for 10 min with 5 цСі'тІ [3H]uridme 
and [3H]cytidine Poly(A)-contaming hnRNA and hnRNA-protein 
complexes were obtained by solubilization of nuclear matrices in 1 % 
sodium dodecylsulphate and subsequent selection for poly(A)-containing 
sequences on olio{dT)-cellulose columns [15]. The low-salt eluates con­
taining polyadenylated hnRNA and hnRNP complexes were pooled 
and brought to hybridization buffer concentrations. Hybridization to 
adenoDNA-Sepharose was performed as described in Materials and 
Methods. The unbound fraction represents the percentage of the total 
incubated 3H radioactivity released from the adenoDNA-Sepharose by 
elution with hybridization buffer. The 90% formamide and the 0.1 M 
NaOH eluates represent the fractions of hnRNA and hnRNP retained 
by the column. The figures between brackets represent the percentage 
of binding to adenoDNA-Sepharose upon rehybndizatran of these 
fractions 
Source 
of[ 3 H]hnRNA/hnRNP 
Uninfected, unirradiated 
cells 
Uninfected, irradiated 
cells 
Infected, unirradiated 
cells 
Infected, irradiated 
cells 
Amount 
not bound 
to adeno­
DNA-
Sepharose 
% 
98.9 
95.4 
49 1 
43.3 
in 90% 
formamide 
eluate 
0 6 
2 2 
46.3 (87) 
49.6 (76) 
in 0.1 M 
NaOH 
eluate 
0 5 
2 4 
4 6 
71 
\0'3-Mr 
93 
69 
4 6 
1 2 
Fig. 5. Analysis of proleins cross-linked in vivo to adenovirus-speciflc 
hnRNA. 6x 10" HeLa cells, infected with adenovirus 2 for 18 h, were 
labeled for 2 h at a density of 4 χ 106 cells/ml with 2 цСі/тІ [3H]uridine 
and [3H]cytidine and irradiated for 5 min. From these cells nuclear 
matrices were isolated and a mixture of tritiated hnRNP complexes 
and hnRNA was isolated from these matrices by dissolving them in 
1 % sodium dodecylsulphate. This mixture was incubated for hybrid­
ization with adenovirus DNA immobilized on Sepharose, as described 
in Materials and Methods. The 90 % formamide eluate containing only 
adenoviral hnRNP and hnRNA was dialyzed overnight against 10 mM 
Tris/HCI pH 7.4 and then treated with nucleases and analyzed by gel 
electrophoresis as described in the legend of Fig. 3. The figure shows a 
fiuorograph of a 10—18% gradient gel. Lane 1: molecular weight 
markers; lane 2: proteins covalently cross-linked to adenoviral hnRNA. 
The numbers indicate the M, (x IO"3) of the marker proteins 
with hnRNA or hnRNP from uninfected cells indicated that 
non-specific binding of RNA or ribonucleoprotein to the 
DNA-Sepharose was low. The hnRNA and hnRNA-protein 
complexes from infected cells hybridized quite efficiently to 
the adenoDNA-Sepharose and could be eluted with 90% 
formamide buffer. Upon reannealing of the hnRNA and 
hnRNP present in these 90% formamide eluates with adeno­
DNA-Sepharose 87 and 76%, respectively, could be rebound. 
This also indicates a high degree of specificity of the binding 
of viral hnRNA and hnRNP. Control experiments further 
showed that the binding to the DNA-Sepharose was com­
pletely dependent on the integrity of the RNA. Treatment of 
the eluted material with high concentrations of ribonuclease 
prevented rebindmg of covalently bound proteins (data not 
shown). 
The 90% formamide eluates, containing the adenoviral-
specific hnRNP complexes were treated with nucleases in 
order to analyse the covalently bound proteins (see legend 
of Fig. 5). The results of such an analysis show that pre­
dominantly two proteins (M
r
 41 500 and 43000) were cross-
linked to viral hnRNA. These proteins comigrate on dodecyl­
sulphate gels with, and are probably identical to, the proteins 
which are cross-linked to host hnRNA (Fig. 5). 
DISCUSSION 
Many different polypeptides have been reported to be 
part of hnRNP particles [1,2,17,18]. The most abundant 
hnRNP proteins, generally referred to as hnRNP 'core' pro­
teins, with M
r
 between 32000 and 44000, are the major 
components of 30 —40-S hnRNP monoparticles [8]. Of these 
polypeptides the group С proteins, M
r
 42000 and 44000, are 
associated with hnRNA most tightly, as was shown by salt 
dissociation experiments [8]. A group of less abundant poly­
peptides with M, higher than 44000, constituting about 60% 
of the proteins of hnRNP polyparticles, are less well charac­
terized. Most of these proteins are also abundantly present 
in other nuclear fractions [19] and might therefore become 
associated with the ribonucleoprotein particles non-specifi-
cally during cell fractionation. Moreover, since hnRNA is 
tightly associated with the nuclear matrix [3 — 5,20], hnRNP 
particles, isolated by sonication or prolonged extraction of 
nuclei might also contain fragments of this intranuclear pro­
tein network 
Although we thus know which proteins are mostly present 
in isolated hnRNP particles, virtually no evidence has been 
obtained which of these proteins interact direct'y with the 
hnRNA and which proteins are indirectly bound to the 
hnRNP particles via protein-protein interactions or via 
binding to other RNA components, for example, via small 
nuclear RNA (snRNA) that is present in hnRNP particles 
[21 —24] and itself is associated with proteins as well [25,26]. 
Cross-linking of RNA to its associated proteins is one of 
the possible ways to determine which proteins interact 
directly with RNA. Such RNA-protein cross-linking in vitro 
has been performed successfully by irradiation of isolated 
polyribosomes with ultraviolet light. Though it proved to be 
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possible to link specific proteins covalently to mRNA [27], 
non-specific binding of proteins to exposed regions of the 
RNA during isolation and subsequent cross-linking of these 
proteins could not be excluded Moreover, RNA-assocmted 
proteins, that potentially can be cross-linked, may have been 
released from the RNA during cell fractionation To avoid 
these problems we have applied this method for RNA-protein 
cross-linking by the irradiation of intact cells Messenger 
RNA, as well as hnRNA, could be cross-linked to a specific 
set of proteins by irradiation of intact cells with ultraviolet 
light [5,9] Using this method of RNA-protein cross-linking, 
proteins that were covalently linked to [3H]RNA could be 
analyzed by virtue of the radioactive nucleotide(s) remaining 
attached to the proteins after nuclease digestion of the ribo-
nucleoprotein complexes Proteins cross-linked to polyaden-
ylated mRNA and hnRNA can be separated from proteins 
linked to other RNAs by oIigo(dT)-cellulose chromatography 
and, as it is possible to label hnRNA preferentially, this 
method could be applied for the specific characterization of 
hnRNA-associated proteins We found that two specific 
polypeptides (the group С hnRNP core proteins) of M
r
 41500 
and 43000 are efficiently cross-linked to polyadenylated as 
well as non-polyadenylated hnRNA We have also presented 
evidence that the С proteins probably function in binding 
of hnRNA to the nuclear matrix [5] To a lesser extent the 
group В hnRNP core proteins (M
r
 36000 and 37000 can be 
cross-linked to hnRNA (Fig 3, lane 2), in contrast to the 
A proteins (M, 32000 and 34000) that are apparently not 
cross-linked at all The proteins cross-linked to hnRNA are 
completely different from those cross-linked to mRNA [34], 
which indicates that the protein moiety of the ribonucleo-
protein particles changes considerably during transport from 
nucleus to cytoplasm, that is during the transition of hnRNP 
to mRNP 
Our knowledge concerning the organization of viral 
hnRNA in the nucleus is very limited The results of Gattoni 
et al [28] indicate that hnRNA in adenovirus-mfected cells 
is also organized in hnRNP particles, resembling those of 
uninfected cells However, the particles from infected cells 
contain both viral and host transcripts and their protein 
composition is very complex Since many of the hnRNP 
proteins could have been bound non-specifically, as was 
pointed out by the same authors elsewhere [19], these results 
do not give much information about the specificity of viral 
hnRNA-protein interactions in adenovirus-mfected cells Also 
hnRNP particles containing 7-10% SV40-specific hnRNA 
have been partially characterized [29] In these particles the 
viral protein VP1 was found, although non-specific adsorp­
tion of this abundantly present viral protein might explain 
this observation Our results showed that viral hnRNA was 
associated with the nuclear matrix almost quantitatively and 
that hnRNA from cells 18 h post-infection can be cross-
linked to apparently the same polypeptides as hnRNA from 
uninfected cells In order to obtain information about the 
proteins specifically associated with viral hnRNA we separated 
viral from host hnRNA-protein complexes by hybridization 
of the RNA moiety of the complex to adenoviral DNA, 
coupled to Sepharose The hybridization conditions (presence 
of dodecylsulphate, detergents, high salt concentration and 
formamide) to not allow native uncross-lmked hnRNP to be 
hybridized to the adenoDNA-Sepharose, without complete 
hnRNP disaggregation 
We found that adenoviral hnRNA was cross-linked m 
vivo to proteins of Л/, 41500 and 43000 These proteins 
exactly comigrate with the major proteins cross-linked to 
hnRNA from uninfected cells (compare Fig 3 and 5) indi­
cating that during processing and transport viral hnRNA is 
tightly associated with host proteins Our results support 
the concept that the organization of host and adenoviral 
transcripts is very similar since both types of transcripts are 
quantitatively bound to the nuclear matrix and associated 
with the same host proteins Thus it seems that by studying 
the processing, transport and structural organization of viral 
transcripts, important questions concerning the fate of cellular 
transcnpts might be answered One of the questions being 
studied now at our laboratory is the possibility that specific 
RNA sequences are involved in the association with hnRNP 
proteins 
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1. Introduction 
In eukaryotic cells mRNA as well as hnRNA are 
found to be associated with proteins in the form of 
m-ribonucleoprotein and hn-ribonucleoprotein parti­
cles, respectively [1—4]. The mRNA and hnRNA 
associated proteins may play an important role in the 
processing of hnRNA to mRNA, in RNA transport 
and in the regulation of mRNA translation. Many 
reports have appeared concerning the protein compo­
sition of these RNPparticles [1—9]. It is now generally 
agreed upon that hnRNP particles contain a group of 
so-called core proteins in the molecular weight range 
of 30 000 to 44 000 [2,3,7,8] and that mRNA is 
associated with at least two proteins of approx. 
50 000 and 75 000Μ
τ
 [5,6,9]. In these studies mRNP 
and hnRNP particles were purified from cytoplasmic 
and nuclear extracts by sedimentation or density-
gradient centrifugation or by oligo(dT)-cellulose 
chromatography before analysis of their protein con­
tent. These methods of isolation have the generally 
acknowledged disadvantage that non-specific binding 
of proteins to the RNA during cell fractionation may 
occur. Furthermore, no definite information is 
obtained about the proteins that directly interact 
with the RNA, as some proteins may be associated 
with the RNP particles for example via protein-pro­
tein interactions. 
To identify the proteins that are tightly associated 
with RNA we have used irradiation with high doses of 
ultraviolet light (254 nm) as a method for RNA-pro-
tein cross-linking [10—12]. To be certain that only 
proteins interacting in vivo with RNA were covalently 
linked, we performed the irradiation on intact cells. 
Only proteins closely associated with RNA can be 
covalently linked by ultraviolet irradiation (for refer­
ences see [10]). Furthermore isolation of the covalent 
RNA—protein complexes can be performed under 
conditions that exclude co-purification of non-speci-
fically associated proteins. Covalently linked poly-
adenylated mRNA-protein and hnRNA—protein 
complexes can be purified by oligo(dT)-cellulose 
chromatography and the protein part of the com­
plexes analysed after extensive nuclease treatment. 
If the cells were prelabeled with RNA precursors, 
the cross-linked proteins can be detected after gel 
electrophoresis by fluorography, owing to the resid­
ual radioactive nucleotides covalently linked to them. 
In this study we have used this method to com­
pare the proteins cross-linked to mRNA with those 
cross-linked to hnRNA. By using various radioactive 
RNA precursors, it was found that distinct nucleotides 
are involved in the cross-linking of RNA to some of 
the proteins. 
2. Materials and methods 
He La S3 cells were grown in suspension as described 
before [12]. Labeling of RNA was performed in cell 
suspensions with densities up to 2 X 10' cells ml - 1 
with 10 μ α ml"1 [2,5',-«-3H]adenosine (42 Ci 
mmol"1), [5-3H]cytidine (31 Ci mmol"1), [8-3H]-
guanosine (5 Ci mmol - 1) or [5,6-3H]uridine (40 Ci 
mmol"1) (all obtained from the Radiochemical Center, 
Amersham) for 4 h at 370C. After labeling, the cells 
were harvested on frozen saline and irradiated for 
3 min with ultraviolet light as described [10,12]. The 
radiation dose at 254 nm received by the sample was 
8000 J m"2 (IO2 2 quante m" 2) per minute [10]. Cell 
fractionation was performed as described earlier 
[10,12]. Cytoplasmic and nuclear RNP containing 
fractions were made 1% in SDS and heated for 2 min 
at 90°С to dissociate all non-covalent RNA—protein 
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complexes. Polyadenylated RNA and covalent RNA-
protein complexes were isolated from these solutions 
by oligo(dT)-cellulose chromaography as described 
' [10,12]. The eluates were treated with RNase A 
(25 μ§ ml"1, Sigma Chemical Co.) and micrococcal 
nuclease (400 U ml"1, P-L Biochemicals Inc.) in the 
presence of 2 mM Ca2+ for 1 h at 370C. The proteins 
from the resulting mixture were analyzed on SDS— 
Polyacrylamide gels, as described [10,12]. Control 
experiments verifying the specificity of the in vivo 
cross-linking method and subsequent selection pro­
cedure via oligo(dT)-cellulose have also been described 
[10-12]. 
3. Results and discussion 
In previous studies we have shown that irradiation 
of intact cells with high doses of ultraviolet light 
induces covalent cross-links between mRN A or hnRNA 
and proteins [10—12]. Under our experimental con­
ditions, 50-80% of the cellular mRNA and hnRNA 
are found to be cross-linked to protein after 3 min of 
irradiation (corresponding to a radiation dose of 
24 000 J m"2). Although as a result of the irradiation 
proteins become covalently attached to the RNA and 
most probably also to the 3' poly A region, the cova­
lent RNA—protein complexes bind efficiently to 
oligo(dT)-cellulose in the presence of SDS and 0.5 M 
NaCl and can be eluted with low salt buffer. The 
retention of the RNA—protein complexes is com­
pletely dependent on the integrity of the RNA and 
is not due to direct binding of the proteins to the 
column [10-12]. 
In the type of experiment discussed here, cellular 
RNA was labeled by incubation of separate portions 
of cells with [3H]adenosine, [3H]cytidine, [3H]gua-
nosine or [3H]uridine. The cells were then harvested, 
irradiated for 3 min and fractionated. The poly A(+) 
mRNA—protein and hnRNA—protein complexes 
were purified from cytoplasmic and nuclear fractions 
by oligo(dT)-cellulose chromatography and treated 
with nucleases (see Materials and methods) to degrade 
the RNA part of the complex as completely as possible. 
From the percentage of RNA counts that remain 
associated with the proteins after nuclease treatment 
[10,12] and the average size of the mRNA and hnRNA 
molecules, it can be calculated that 1—3 nucleotides 
remain associated per covalently linked protein after 
nuclease digestion. In this way the proteins are marked 
by the residual [3H]nucleotides, without significantly 
influencing their migration during SDS-gel electro­
phoresis. By labeling the cellular RNA separately with 
3H-labeled adenosine, cyfidine, guanosine or uridine 
we investigated if the patterns of the proteins cross-
linked to mRNA and hnRNA showed differences 
depending on the nucleoside used. Fig.l shows a 
typical result of such an experiment. 
200-
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Fig.l. Analysis of proteins cross-linked to poly A(+) mRNA 
and poly A(+) hnRNA. 6 X 108 HeLa cells were divided in 
four equal portions and labeled separately with [3 H ] adenosine, 
[3H]cytidine, [3H]guanosine or ['Hjuridine, as described in 
Materials and methods. The cells were irradiated with ultra­
violet light for 3 min. Poly A containing mRNA and mRNA-
protein complexes as well as poly A containing hnRNA and 
hnRNA-protein complexes were isolated from these cells 
(see Materials and methods). After extensive nuclease treat­
ment [10,12] the RNA-linked proteins were analyzed on 
10-18% Polyacrylamide gels. These proteins were detected 
by fluorography owing to the 3H-labeled nucleotides still 
attached to them. Lane 1: 14C-labeled marker proteins. MI 
values: 200 000; 93 000; 69 000; 46 000; 30 000; 14 300. 
(Lane 2, empty.) Lane 3: proteins cross-linked to [ 3H]A 
labeled poly A(+) mRNA; lane 4: proteins cross-linked to 
[ 3H]C labeled poly A(+) mRNA; lane 5: proteins cross-
linked to [ 3H]G labeled poly A(+) mRNA; lane 6: proteins 
cross-linked to [ 3H]U labeled poly A(+) mRNA; lane 7: 
proteins covalently attached to poly A(+) mRNA from unir­
radiated cells labeled with 3H-labeled A,C,G and U. lane 8: 
proteins covalently attached to poly A(+) hnRNA from unir­
radiated cells labeled with 3H-labeled A,C,G and U. lane 9: 
proteins cross-linked to poly A(+) hnRNA labeled with [ 3H] A; 
lane 10: proteins cross-linked to poly A(+) hnRNA labeled 
with [ 3H]C;lane 11: proteins cross-linked to poly A(+) 
hnRNA labeled with [ 3 H]G;lane 12: proteins cross-linked to 
poly A(+) hnRNA labeled with [ 3H]U. 
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56 
Volume 130, number 2 FEBS LETTERS August 1981 
Lanes 3-6 show the proteins cross-linked to poly-
adenylated mRNA, that are labeled with 3H-labeled 
adenosine, cytidine, guanosine and uridine, respec­
tively. Four major proteins (Л/
г
 73 000,69 000, 
52 000 and 41 500) are cross-linked. The lanes 9-12 
show the proteins cross-linked to polyadenylated 
hnRN A from the same portions of cells. In agreement 
with our earlier results, two proteins ofAi
r
 41 500 
and 43 000 are found to be cross-linked. Surprisingly 
these two proteins were only detected when the cells 
were labeled with [3H]cytidine or [3H]uridine and 
not when the other tritiated precursors were used. 
This is not due to poor labeling since the amount of 
radioactive poly A(+)hnRNA from [3H]adenosine 
labeled cells was comparable to the amount obtained 
from [3H]cytidine-or-uridine-labeled cells. Because 
of the lower specific activity of [3H]guanosine, lower 
number of counts incorporated into polyadenylated 
hnRN A were obtained when this precursor was used 
(about 20% as compared to the [3H]cytidine and 
-uridine-labeled samples). However, the presence of a 
specific band at 55 000 Mj (lane 11) does suggest that 
the lower specific activity is not the proper explana­
tion for the absence of the М
т
 41 500 and 43 000 
bands. There are two obvious explanations for the 
observed base specificity in the cross-linking reaction. 
One is that pyrimidines cross-link more efficiently 
during irradiation with ultraviolet light than purines 
and, secondly, that there is some specificity in the 
RNA sequence to which these hnRNP proteins are 
associated. The fact that proteins are efficiently cross-
linked to mRNA from the same portion of adenosine-
labeled cells argues strongly against the first explana­
tion. It thus seems more plausible that there is some 
kind of specificity in the interaction of hnRNA with 
the Mt 41 500 and 43 000 proteins that causes these 
proteins to cross-link only to uridine and cytidine. 
Possibly the proteins are tightly associated with a 
U—C-rich sequence in the hnRNA or, alternatively, 
only some pyrimidines have the correct spatial orien­
tation for covalent bonding to proteins. 
Base specificity is, to a lesser extent, also found in 
the case of mRNA-protein cross-linking. Fig. 1, lane 3 
shows that prelabeling with [3H]adenosine reveals a 
strongly labeled protein band of 73 000 Μ
τ
. When the 
intensities of both the M
x
 52 000 and 73 000 bands 
in the lanes 3,4,5 and 6 compared it is obvious that 
the'J/j 73 000 protein is most strongly labeled when 
[3И] adenosine was used as precursor. This could be 
expected since it is known that a protein of similar 
molecular weight is associated with the 3' poly A tail 
of mRNA [9]. The fact that the poly A-binding pro­
tein is also found when [3H]uridine or -cytidine were 
used as precursors suggests that this protein can bind 
to regions of the mRNA other than poly A. This is 
possible since it has been found earlier [13] that the 
poly A-rich part of He La cell mRNA, protected 
against RNase treatment by the poly Α-binding pro­
tein, contained a surprisingly high content (25%) of 
UMP residues. Recently, protection of RNA sequences 
adjacent and also non-adjacent to the poly A region 
by poly A-binding proteins has been reported [14]. 
Another possibility is that there is more than one pro­
tein of this size associated with mRNA, as has been 
suggested by Greenberg [15]. 
We were not able to detect the MI 73 000 protein 
on polyadenylated nuclear RNA, although the asso­
ciation of this protein with hnRNA has been reported 
[16,17]. This can either mean that the presumed 
nuclear localization of this protein was due to cyto­
plasmic contamination or that the amount of this 
protein cross-linked to hnRNA is beyond our detec­
tion limit. 
Cytidine and uridine labeling of cytoplasmic 
polyadenylated RNA clearly reveals a protein of 
MI4l 500, which comigrates with the major protein 
band in the corresponding nuclear samples. Although 
it cannot be excluded that this band represents a 
genuine mRNP protein, it is probably due to nuclear 
contamination as the intensity of this band proved to 
be rather variable in different experiments, as com­
pared to the three other major bands which had con­
stant relative intensities (see also [10,11 ]). Finally, 
labeling with [3H]guanosine reveals a Mt 55 000 pro­
tein (lane 5), which probably corresponds to the 
MI55 000 protein found associated with hnRNA 
after guanosine labeling (lane 11). This protein is not 
detected after labeling the RNA with the other three 
precursors. Control experiments (lane 7 and 8) show 
that no proteins were bonded to poly A(+) mRNA or 
hnRNA when cells had not been irradiated with ultra­
violet light. 
Our results clearly show that cytoplasmic poly 
A(+) mRNA is associated with a set of proteins that 
is different from the proteins associated with poly 
A(+) hnRNA. Thus during transport of RNA from 
nucleus to cytoplasm, that is during the transition of 
hnRNA to mRNA, the set of proteins interacting 
tightly with the RNA changes. Furthermore we have 
shown that distinct nucleosides are interacting with 
225 
57 
Volume 130, number 2 FEBS LETTERS August 1981 
these proteins. This suggests that these proteins bind 
to specific RNA sequences. 
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CHAPTER 6 
DETECTION OF A CELLULAR POLYPEPTIDE ASSOCIATED WITH ADENOVIRUS-CODED 
VA RNA USING IN VITRO LABELING OF PROTEINS CROSS-LINKED TO RNA 
59 

Detection of a cellular polypeptide associated with adenovirus-coded VA RNA 
using in vitro labeling of proteins cross-linked to RNA. 
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ABSTRACT 
Ultraviolet light induced RNA-protein cross-linking for identification of 
polypeptides interacting with RNA in intact cells (Wagenmakers et al. 1980), 
is limited by the intensity of the label in the proteins or in residual 
nucleotides remaining attached to the proteins after RNase treatment of 
the RNA-protein complexes. Here we report a method, where the cross-linked 
RNA-protein complexes are treated with RNase Tl and the Tl-oligonucleotides 
covalently linked to the proteins are labeled in the 5' terminus using 
γ-32ρ-ΑΤΡ and T4 polynucleotide kinase. The cross-linked proteins can then 
readily be identified owing to the incorporated 32p label. As examples, 
proteins associated with polyadenylated mRNA, hnRNA and adenoviral VA RNA 
were identified. A protein with a molecular weight of approximately 50,000 
is found associated with adenovirus-coded VA RNA. This was confirmed by 
binding assays, in which labeled VAI RNA is incubated with proteins from 
uninfected and adenovirus infected HeLa cells immobilized on nitrocellulose 
sheets. 
INTRODUCTION 
Proteins interacting tightly with RNA can be covalently linked to the RNA 
by irradiation with ultraviolet light in vivo or in vitro (1-8).The in vivo 
cross-linking technique allowed the detection of proteins interacting with 
mRNA and hnRNA in HeLa and Ehrlich Acites tumour cells (2-5). Also cellular 
polypeptides cross-linked to adenoviral mRNA and hnRNA could be analyzed, 
taking advantage of the possibility to select covalently linked viral RNA-
protein complexes by hybridization to immobilized adenovirus DNA (6-8). 
Detection of the cross-linked polypeptides was performed using two different 
approaches of incorporating radioactive label. Either the protein moiety of 
35 the RNA-protein complexes was labeled with S methionine or the RNA part 
3 
was labeled by incubating the cells in medium containing H nucleosides. 
Using the latter procedure, the cross-linked proteins were detected via the 
label incorporated in the residual oligonucleotide attached to the protein 
61 
after ribonuclease treatment of the isolated RNA-protein complexes. The 
latter method is specific and excludes detection of non-specifically copuri-
fying polypeptides. However, the sensitivity of the method is limiting, since 
only a few nucleotides remain attached to each polypeptide (4). Therefore, 
the method can only be employed for RNAs that can be labeled in vivo to high 
specific activities and can be isolated in large quantities. In order to 
circumvent this problem and to make the technique more applicable also for 
less abundant RNA species, we introduce the present in vitro labeling method 
32 
In this procedure the cross-linked proteins were labeled with Ρ via end-
labeling of the oligonucleotide that remains attached after RNase Tl treat­
ment of the isolated RNA-protein complexes. 
MATERIALS AND METHODS 
Isolation of RNA-protein complexes 
HeLa cells were cultured and infected with adenovirus type 2 (3,6). Ultra­
violet light induced cross-linking of RNA to protein was performed as des­
cribed previously (2,3). Irradiation of intact cells was for 5 min at О С 
-2 -1 
with a radiation dose of 8000 J m min at 254 nm. Polyadenylated mRNA and 
hnRNA or cross-linked mRNA-protein and hnRNA-protein complexes were isolated 
from cytoplasmic extracts and nuclear matrices, using oligo dT-cellulose, as 
described earlier(3,4,6). The isolation of VA RNA-protein complexes was per-
o 
formed as follows. 4x10 HeLa cells were labeled from 14 to 18 h post infec-
3 3 
tion using 2.5 yCi/ml of each of the following H nucleosides: (2,5',8- H) 
3 3 3 
adenosine, (5- H) cytidine, (5- H) guanosine and (5,6- H) uridine (Amersham 
International, specific activities 42 Ci/mmol, 30 Ci/mmol, 23 Ci/mmol and 
42 Ci/mmol .respectively). After UV irradiation, a cytoplasmic extract of the 
cells (18 h post infection) was prepared, SDS was added to 0.5% and the sam­
ple was heated to 90oC for 2 min. NaCl was added to 0.5 M and polyadenylated 
RNA or RNA-protein complexes were removed by incubation with oligo dT-cellu­
lose during 1 h at room temperature and subsequent centrifugation. The su­
pernatant was adjusted to 50% formamide , 750 mM NaCl, 50 mM Tris-HCl pH 
7.4, 1 mM EDTA, 0.1% bovine serum albumin, 0.02% polyvinyl pyrrolidone-40, 
0.02% Ficoll 400, 0.5% SDS and 0.5% Triton X100 and incubated with 1.8 mg 
Hind III B-fragment of the adenoviral genome immobilized on 10 g (wet weight) 
of cyanogen bromide activated Sepharose (6). Hybridization was for 60 to 100 
h at 420C. Then the DNA-Sepharose was washed extensively and the RNA and 
RNA-protein complexes hybridized were eluted following the method described 62 
previously for viral hnRNA-protein complexes (6). 
Isolation and labeling of Tl oligonucleotide-protein complexes 
RNA-protein complexes precipitated by addition of 3 volumes of ethanol after 
their elution from oligo dT-cellulose or DNA-Sepharose were pelleted (15 min 
10,000 xg) and dissolved in a small volume of HJQ (+ 100 yl) containing 0.5% 
SDS to ensure solubilization. The SDS was subsequently removed by spinning 
the samples through 1.5 ml Sephadex G-50 coarse in a 2 ml syringe at 400 xg 
for 10 min. Before use the G-50 was equilibrated in 10 mM Tris-HCl pH 7.4 and 
prespun in the syringe for 5 min at 400 xg. The volume of the eluate was 
twice that of the initial volume applied. The SDS free eluate was then trea­
ted with RNase Tl for 2 h at 370C (4U/yl). After digestion 20 \ig of carrier 
protein was added and the solution was extracted with phenol/chloroform. 
After centri fugation the aqueous layer was removed and the organic layer and 
the interphase were washed 4 times with buffer (25 mM Tris-HCl pH 7.4, 25 mM 
NaCl) to remove all RNA fragments not cross-linked to protein. After addition 
of 2 volumes of ethanol the RNA-protein complexes and other proteins present 
in the organic layer and interphase were collected by centri fugati on at 
10,000 xg for 5 min. The resulting pellet was washed once with ethanol to re­
move remaining phenol, dried and dissolved again in 100 μΐ 0.5% SDS by hea­
ting to 90oC for 2 min. The SDS was removed over Sephadex again and the elu­
ate was used in the in vitro labeling reaction. 
In vitro 5' labeling of Tl oligonucleotide-protein complexes was performed 
under standard conditions (9) using T4 polynucleotide kinase (New England 
32 Nuclear, E.C. 2.7.1.78) and γ- P-ATP (Amersham International, spec.act. 
3000 Ci/mmol) for 1 h at 370C. After incubation the P-label associated with 
proteins could be recovered from the interphase after phenol/chloroform ex­
traction. This interphase together with the organic layer was washed three 
times and proteins were recovered by addition of two volumes of ethanol. The 
precipitated proteins were pelleted, dissolved in sample buffer and analyzed 
on 13% Polyacrylamide gels (10). 
Preparation of cell extracts for protein blotting 
A hypotonic swelling method was used to prepare cytoplasmic extracts. Cells 
were resuspended in hypotonic buffer (10 mM Tris-HCl pH 7.5, 10 mM KCl, 1.5 
mM MgCl-, 7 mM 2-mercaptoethanol), left on ice for 5 min and disrupted in a 
Dounce homogenizer (7 strokes) followed by low speed centrifugation (1000 xg) 
to pellet the nuclei. The supernatant constituted the cytoplasmic fraction. 
The nuclei were resuspended in 3 ml of 0.25 M sucrose, 10 mM Tris-HCl pH 7.9, 
10 mM MgCl,, 14 mM 2-mercaptoethanol, 50 mM Na-S^O,., 0.33 M NaCl and sonica-
63 
ted for 3x30 seconds in ice. The sonicated material was centrifuged at 16,000 
xg for 10 min. The supernatant was used as a nucleoplasmic fraction. To the 
pellet was added 3 ml of the same buffer but with a NaCl concentration of 1 M. 
The resuspended pellet was sonicated and centrifuged as above. This second 
supernatant was used as the chromatin fraction. Analysis of the different 
fractions after SDS-polyacrylamide gelelectrophoresis and protein staining 
revealed that the chromatin fraction contained as major components all the 
histone proteins. No histones could be detected in the nucleoplasmic fraction 
by staining. 
Transfer of polypeptides to nitrocellulose paper and RNA binding 
The protein blotting procedure was essentially as described by Bowen et al. 
35 (11). The transfer was controlled by measuring the amount of S-methionine 
labeled adenovirus 2 virion proteins transferred onto the filter. In a typical 
experiment the recovery was for polypeptide II: 28%, III 21%, Ilia 56%, VI 
62 %, VII not transferred, VIII 23%, IX 50% and X 60%. 
32 
In vivo Ρ labeled RNAs were isolated as described by Westin et al. (12). The 
purity of the RNA preparations was tested by two dimensional fingerprint ana­
lysis (13,18). 3 2P labeled RNAs (50,000 cpm) were diluted in 20 ml of BB-buf-
fer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 50 mM NaCl, 0.5% bovine serum albumin, 
0.05% polyvinyl phosphate, 0.05% Ficoll) and incubated together with the pro­
tein blots in plastic pouches. Incubation was for 1 h at 20oC. The nitrocellu­
lose sheets were washed in 5x50 ml BB-buffer. After drying at room temperature 
the sheets were exposed to x-ray film for 3 days. 
RESULTS 
In vitro labeling of proteins cross-linked to RNA 
In figure 1 a general procedure is outlined for the isolation and labeling of 
proteins associated with specific RNA sequences. Experimental details of the 
procedure are described in the Materials and Methods section. In a first step 
cells are irradiated with UV light to cross-link RNA to its associated pro­
teins in vivo. Subsequently the cells are fractionated and from a suitable 
fraction specific RNA and RNA-protein complexes can be isolated by prepara­
tive hybridization to an immobilized DNA probe. This was oligo dT-cellulose 
for isolation of poly A(+) mRNA-protein and hnRNA-protein complexes and the 
Sepharose linked Hind III B-fragment of ad2 DNA for the isolation of VA RNA-
protein complexes. The isolated complexes are extensively treated with RNase 
32 
Tl and incubated with γ- P-ATP and T4 polynucleotide kinase for 5' terminal 
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Fig.l A general procedure for the 
isolation and labeling of proteins 
associated with specific RNAs. 
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r Fig.2. Analysis of proteins cross-linked to mRi.A and hnRNA using in vitro """P
labeling (ЗА) or in vivo Зн labeling (3B). A^ Covalently linked polyadenyla-
ted mRNA-protein and hnRNA-ρrotei η complexes were isolated from 4x108 UV ir­
radiated cells, as described C2"6)· Tl oligonucleotide-protein complexes were 
isolated and the residual oligonucleotide part of the complexes were 5' end-
laoeled using γ-32ρ-ΑΤΡ and T4 polynucleotide kinase, as described in Mate­
rials and Methods (see also fig.l). Tne 32p labeled Tl oligonucleotide-protein 
complexes were separated on a 13% SDS Polyacrylamide gel. The gel was subse­
quently stained, dried and exposed to x-ray film for 2 h. The arrows indicate 
the positions of unlabeled marker proteins (Mrxl0"3). Lane 2: mRNA derived 
Tl oligonucleotide-prbtein complexes. Lane 3: hnRNA derived Tl oligonucleoti­
de-protein complexes. Lane 1 as lane 2 and lane 4 as lane 3, after treatment 
of the samples with 100 pg/ml RNase A for 1 h at 37 С. В. The proteins cross-
linked to polyadenylated mRNA and hnRNA (lanes 2 and 3)Trom 4xl08 UV irradi­
ated HeLa cells, labeled in cell culture for 2 h with a mixture of all 4 Зн 
nucleosides (0.5 mCi of each), were analyzed as described in previous reports 
(3,4,6). From the cytoplasmic material not bound to oligo dT-cellulose, non-
polyadenylated mRNA-protein complexes were isolated using CsCl density gra­
dients containing 0.5% Sarkosyl. The covalently linked mRNA-protein complexes 
containing fractions (densities from 1.35 to 1.45 g/cm3) were collected, dia-
lyzed and treated with RNases. The proteins with residual Зн nucleotides at­
tached, were precipitated by addition of 5% TCA and analyzed (lane 4).Lane 1: 
molecular weight marker proteins. Lane 2: proteins linked to poly A(+)hnRNA. 
Lane 3: proteins linked to poly A(+) mRNA. Lane 4: proteins linked to non-
polyadenylated mRNA. The polypeptides in lanes 2-4 were detected by fluoro-
graphy owing to the residual Зн nucleotides attached to them. Exposure to 
x-ray film was for two months. 
66 
labeling of the RNA fragments. The complexes isolated and labeled in this way 
are then analyzed on protein gels. The results of the analyses are shown in 
fig. 2A for mRNA and hnRNA associated proteins. Fig. 2A, lane 2 shows the 
pattern of mRNA derived oligonucleotide-protein complexes, lane 3 of hnRNA 
derived oligonucleotide-protein complexes. In the lanes 1 and 4 the same 
samples are analyzed but before application to the gel they were exhaustively 
treated with RNase A. The Mr range of the mRNA derived complexes is 53-57,000 
dalton (mean 55,000). When the proteins cross-linked to mRNA were analyzed 
3 
using in vivo labeling with H nucleosides, we found polypeptides with mole­
cular weights of 73,000 , 69,000 and 52,000 (fig. 2B lane 3), but in this 
case the contribution to the molecular weight of the residual RNA fragment 
32 
was small (1-3 nucleotides). So the Mr 55,000 Ρ labeled band (fig.2A lane 
3 
2) probably corresponds to the 52,000 dalton polypeptide from the Η labeled 
picture (fig. 2B lane 3). The difference in molecular weight has to be ascri­
bed to the Tl oligonucleotide. Apparently these oligonucleotides are hetero-
32 
geneous in size as judged from the broad band on the Ρ autoradiograph. The 
73,000 and 69,000 molecular weight polypeptides were not or very weakly found 
32 in the case of Ρ labeling. The explanation for this finding is probably 
that both these polypeptides interact directly with the poly A tail of mRNA. 
In accordance, proteins cross-linked to non-polyadenylated mRNA from uninfec-
3 
ted HeLa cells using Η labeling, show only the 52,000 dalton polypeptide 
(fig. 2B lane 4)(courtesy of T.Riemen). It has been reported by many inves­
tigators that a polypeptide of Mr between 70 and 78 kilodalton is associated 
with poly A of mRNA (reviewed by Greenberg (14)). RNase Tl is not able to 
cleave poly A, so the proteins cross-linked to this part of the messenger 
will stay associated with large pieces of RNA throughout our isolation pro­
cedure. Furthermore, as cytoplasmic poly A tails are heterogeneous in length, 
the complexes will migrate in a broad Mr range higher than 70,000 dalton. 
In the case of hnRNA a major band is found at 42-45,000 (mean 43,000) and 
bands of minor intensity at 38-39,000 and at about the same position as found 
for the mRNA associated polypeptides (fig. 2A lane 3). This latter band is 
most probably due to contamination with mRNA-protein complexes. In the com-
3 
parable analysis using Η label (fig. 2B lane 2) we found two main bands at 
41,500 and 43,000 and two minor bands at Mr 36,000 and 37,000, corresponding 
to the hnRNP C-proteins (main bands) and hnRNP B-proteins (minor bands), ac­
cording to the nomenclature of Beyer et al. (15)(3,4,6). So also in this case 
3 
there 1s a good correlation between the results found with in vivo Η and in 
67 
vitro Ρ labeling, although, of course, in the latter case the apparent 
molecular weights of the RNA associated proteins are enlarged in average by 
2,000 dalton due to the oligonucleotides attached to them. Although the 
3 
Η autoradiograph of fig. 2B shows a superior resolution, the method using 
32 in vitro Ρ labeling has one main advantage: the sensitivity of detection 
has improved drastically. For comparison, fig. 2A is a photograph of a 2 h 
exposure and fig. 2B of a 2 month exposure.In both experiments about the same 
number of HeLa cells was used to isolate the RNA-protein complexes. For the 
32 
labeling in fig.2A 25 yCi of γ- P-ATP was used while in fig. 2B 2 mCi was 
added to the cells. The at least 100-fold increased sensitivity of detection 
enabled us to look at the proteins cross-linked to VA RNA. 
Isolation of VA RNA-protein complexes 
From a cytoplasmic extract of UV irradiated HeLa cells 18 h after infection 
with adenovirus type 2, VA RNA and VA RNA-protein complexes were isolated by 
preparative hybridization to the Hind III B-fragment of the viral genome, as 
described in Materials and Methods. To avoid contamination of the VA RNA pre­
paration with viral mRNA, polyadenylated RNA was removed by binding to oli go 
dT-cellulose prior to hybridization. From the cytoplasmic poly A(—) RNA, la-
beled by incubation ofthe cells with H nucleosides, 2.5 to 4% annealed to 
the DNA-Sepharose. Upon rehybridization 70% of the eluted RNA and RNA-protein 
complexes reannealed. Using phenol/chloroform extractions, in the way descri­
bed by Wagenmakers et al. (2), about 10% of the RNA eluted from the DNA-Se­
pharose was found to be cross-linked to protein. Centrifugation of part of 
the eluate, after proteinase К treatment, on isokinetic glycerol gradients 
yielded a major peak sedimenting at 5.6 S (fig. ЗА), corresponding to the 
sedimentation value for VA RNA. No RNA sedimenting faster than 8 S was found 
in the selected material. Analysis of the selected RNA on polyacrylami de-urea 
gel displayed a major RNA band with the mobility of VA RNA (fig. 3B lane 2). 
The eluate is highly enriched in this apparently undegraded VA RNA compared 
to the cytoplasmic extract (compare fig. 3B lanes 1 and 2). 
In vitro labeling of VA RNA associated polypeptides 
3 
Notwithstanding using high amounts of H nucleosides we were unable to detect 
3 
proteins cross-linked to VA RNA due to the small amount of H label attached 
32 
to the VA RNA linked proteins. Using the in vitro labeling with Ρ the result 
shown in fig. 4 was obtained. Apart from two minor bands at 64 and 85 kilo­
dai tons, a distinct major band at 50,000 is discernable as the main polypep­
tide cross-linked to VA RNA by in vivo UV irradiation. 
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FiQ.3. Characterization of non-polyadenylated RNA 
selected on the Hind III B-fragment of ad2 DNA. 
А^ Glycerol gradient centri fugati on. Centri fuga­
ti on was for 18 h in a Beekman SW60 rotor at 
40,000 rpm at room temperature on a 10-43% isoki­
netic glycerol gradient containing 10 mM Tris-HCl 
pH 7.4 and 0.1% SDS.The position of E.coli tRNA 
run on a parallel gradient is indicated.? indica­
tes the amount of radioactivity pelleted. 
B^ Analysis of selected RNA on a 10% polyacryl-
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Fig.4. Identification of polypeptides 
cross-linked to VA RNA. 
Covalently linked VA RNA-protein complex­
es were isolated from 4xl08 HeLa cells, 
18 h post infection with adenovirus type 
2. Tl oligonucleotide-protein complexes 
were isolated and labeled in vitro with 
3 2 P as described in Materials and Methods. 
The labeled oligonucleotide-protein com­
plexes were analyzed on a 13% Polyacryl­
amide gel. The arrows indicate the posi­
tions of marker proteins. 
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The 50,000 Mr band is discrete as would be expected if the RNA part associa­
ted with this polypeptide is derived from only one species of RNA. 
Identification of VA RNA binding polypeptides using protein blotting 
To confirm that the 50,000 Mr band could bind specifically to VA RNA, we 
used the protein blotting technique. Cytoplasmic, nucleoplasmic and chroma­
tin fractions from uninfected and adenovirus infected HeLa cells were separa­
ted by SDS-polyacrylamide gel electrophoresis (fig.5A). The polypeptides were 
transferred to nitrocellulose filters and probed with different snRNAs, 
VAI RNA and ribosomal RNA from both uninfected and infected cells. Fig. 5B 
shows that VAI RNA recognizes a polypeptide of 50,000 molecular weight, which 
is present both in cytoplasmic and nucleoplasmic extracts from uninfected and 
M Cl C2 C3 N1 N2 N3ChlCh2Ch3 M 
M Cl C2 C3 N1N2N3 Chi Ch2 ОіЗМ 
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Fig.5. In vitro binding of VAI RNA to 
cellular proteins on nitrocellulose 
sheets. A^ Stained pattern of a 13% 
SDS Polyacrylamide gel containing dif­
ferent protein fractions. Cytoplasmic 
(C),Nucleoplasmic(N)and Chromatin (Ch) 
fractions from (1) uninfected HeLa 
cells, (2) early adenovirus and (3) 
late adenovirus infected cells. These 
protein fractions separated on gel as 
shown in A, were transferred to nitro­
cellulose sheets and incubated with 
purified RNA probes. B. Incubation 
with 50,000 32p cpm VÄT RNA per sheet. 
С Incubation with 50,000 cpm rRNA per 
sheet.As Mr markers served the adeno­
viral polypeptides II (120,000), IV 
(62,000), V (48,500), VI (42,000), VII 
(18,500) and IX (12,000), which were 
transferred together with the cellular 
proteins. 
C2 C3 N1 N2 N3 Ohi Ch2Ch3 M 
4-ш. 
70 
adenovirus infected cells harvested 6 and 24 after infection. In addition the 
VAI RNA probe strongly attaches to the histon H2a, H2b and H4 moieties, that 
32 
are only present in the chromatin fractions. Fig. 5C shows that Ρ labeled 
ribosomal RNA under the same conditions can only recognize the histone pro­
teins but no cytoplasmic protein. Similar experiments were also performed 
with 5S RNA and U2 RNA and the western blots in these cases revealed that the 
50,000 dalton protein was only weakly if at all recognized by the 5S RNA and 
the U2 RNA. The difference in intensity on comparable blots between 5S and 
VAI RNA was more than 10 fold. These results suggest that the VAI RNA can 
interact with a cellular protein present in the nucleus and the cytoplasm, 
which is around 50,000 in molecular weight and corroborate the results from 
the cross-linking experiments. 
DISCUSSION 
RNA can be cross-linked to its associated proteins by in vivo (2-7) or 
in vitro (1,14) irradiation with UV light. The applicability of this technique 
for the identification of RNA associated proteins is of course limited by the 
35 possibilities to detect the cross-linked proteins. Until now, using S 
3 
methionine label of the protein or H nucleoside label of the RNA, we have 
identified proteins associated with total cellular poly A(+) mRNA and hnRNA 
as well as adenovirus RNAs (2-8), but detection problems arose when we tried 
to identify VA RNA or snRNA associated proteins. 
In this paper a method is introduced that increases the sensitivity of de-
32 tection of RNA linked proteins by utilizing Ρ 5' terminal labeling of Tl 
oligonucleotide-protein complexes. It should be emphasized that, in princi­
ple, any nuclease generating 5'-0H groups can be used to label the proteins 
with this technique. We have in a separate study (17) used RNase A for the 
same purpose. It is of course also feasible to use enzymes generating 5'-P 
groups provided that an additional step with phosphatase treatment is intro­
duced in the procedure. Using Tl oligonucleotides it was possible to confirm 
earlier findings concerning mRNA and hnRNA associated proteins. It was also 
possible to identify a polypeptide with an approximate molecular weight of 
50,000 cross-linked to VA RNA. 
This method to identify proteins interacting with RNA might have interes­
ting possibilities in other studies of in vivo RNA-protein interaction. How­
ever, the method also has its pitfalls. It was found that during the in vitro 
32 labeling reaction using γ- P-ATP and T4 polynucleotide kinase phosphorylation 
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of proteins may be observed. Labeled polynucleotide kinase as well as labeled 
RNase Tl were sometimes found on protein gels from control experiments without 
RNA-protein complexes, which might complicate the interpretation of the auto-
radiographs of the protein gels. However, to discriminate between phosphory-
lated protein and protein linked to labeled oligonucleotides, extensive RNase 
treatment of the samples can be used, as is shown in fig. 2 lanes 1 and 4. The 
activity causing protein phosphorylation may reside in the enzyme preparations 
32 but not in the P-ATP, since the activity was sbill present after phenol ex-
32 traction of the P-ATP solution. Another imperfection of the method is the 
high percentage of labeled material that remains on top of the protein gels 
after electrophoresis (see fig. 4). This phenomenon obviously does not inter­
fere with the interpretation of the gel pattern. 
32 The results obtained with in vitro Ρ labeling confirm our previous re-
3 35 
suits with proteins cross-linked to mRNA and hnRNA using Η and S labeling 
(2-6). However, comparing the results obtained after in vivo cross-linking 
with those of Setyono and Greenberg (16), obtained using in vitro cross-lin-
35 king of S methionine labeled polypeptides, there are some discrepancies that 
cannot be explained unambiguously. Although different cell types were used, it 
is our opinion that the differences in the protein patterns may be caused by 
differences in methodology. When UV cross-linking is performed in vitro, as 
done by Setyono and Greenberg (16), non-specific binding of proteins to expo­
sed regions of the RNA during polyribosome isolation and subsequent cross-lin­
king cannot be excluded. Furthermore , it is our experience that detection of 
cross-linked polypeptides by residual label in the RNA moiety results in a 
35 
more specific and more simple protein pattern, than when S methionine is 
used, due to contamination with co-purifying but non-cross-linked proteins in 
35 
the latter case. In addition, S methionine labeling can result in large dif­
ferences in intensities for polypeptides isolated in equimolar amounts by 
variations in labeling kinetics or in methionine content of the polypeptides. 
Labeling the RNA results in more equal labeling efficiency irrespective of the 
nature of the polypeptide. 
The finding that the major polypeptide that can be cross-linked to VA RNA 
has a molecular weight of approximately 50,000 is corroborated by the protein 
blotting experiments (fig. 5) showing that of the polypeptides of uninfected 
and early or late adenovirus infected cells only a similar sized host poly­
peptide, present in both nucleus and cytoplasm, was able to bind purified 
VA RNA. 
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Independently, other investigators have identified a host protein of 
similar molecular weight associated with VA RNA after synthesis in a cell-
free transcription system ( M.Francoeur and M.Matthews, Cold Spring Harbor 
Lab., personal communication). 
In conclusion our results point to a general method by which proteins cross-
linked jn_vivo to specific RNA sequences can be identified, using cloned DNA 
probes for the isolation of the RNA-protein complexes and in vitro labeling 
for the detection of the cross-linked proteins. Furthermore, sequence analysis 
of oligonucleotides cross-linked to proteins may identify the part of the RNA 
molecule preferentially binding to the proteins. The localization of polypep­
tides on RNA molecules might help to identify the nucleoprotein structures 
involved in RNA splicing in mammalian cells. 
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ABSTRACT 
Irradiation with ultraviolet light was used to induce covalent linkage be­
tween hnRNA and its associated proteins in intact HeLa cells, late after in­
fection with adenovirus type 2. Covalently linked hnRNA-protein complexes, 
containing polyadenylated adenoviral RNA, were isolated and their protein 
moiety characterized. Host 42,000 Mr hnRNP proteins proved to be the major 
proteins crossi inked to viral hnRNA. To investigate their possible involve­
ment in RNA processing, the localization of these cross-linked polypeptides 
on adenoviral late transcripts was determined. Sequences of RNA around the 
attachment sites of the protein were isolated. After in vitro labeling they 
were hybridized to Southern blots of adeno DNA fragments. The hybridization 
patterns revealed that the 42,000 Mr polypeptides can be linked to adenoviral 
transcripts over the entire length of the RNA, corresponding to 16.2-91.5 m.u. 
of the viral genome. Fine mapping within the Hind III В region (16.8-31.5 
m.u.) established, however, that the localization of the cross-linked polypep­
tides was not random in all parts of the transcript. Sequences around the 
third leader and the 3' part of the i-leader were overrepresented, whereas 
the regions encoding VA I and VA II RNA and the late region 1 mRNA bodies 
were underrepresented in the cross-linked RNA. Using genomic DNA fragments 
and a cDNA clone containing the tripartite leader it appeared that leader and 
intervening sequences were represented about equally in cross-linked RNA 
fragments. Although these results do not support the notion that introns or 
exons are specifically interacting with one RNP protein, they demonstrate that 
the 42,000 hnRNP proteins are non randomly positioned on the RNA sequence. 
INTRODUCTION 
The structural organization of heterogeneous nuclear RNA (hnRNA)(reviewed 
in 1 and 2} has been studied extensively in order to understand the mechanism 
of RNA processing and its regulatory role in the control of gene expression 
(3).A11 hnRNA,also those containing mRNA sequences, are associated with protein 
to form ribonucleoprotein particles (1,2,4). HnRNA-protein complexes, gene­
rally referred to as hnRNP particles, can be isolated from nuclei by extrac­
tion at elevated pH or by sonication. The size of the isolated particles de­
pends on the extent of ribonuclease degradation during the isolation procedure. 
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Under nuclease free conditions large 30-250 S hnRNP particles (polyparticles) 
can be recovered, whereas after mild nuclease degradation 30-40 S monoparti-
cles accumulate (2,5). The polypeptide composition of the isolated complexes 
is also dependent on the isolation procedure. Polypeptide compositions ranging 
from almost all non-histone nuclear proteins to a few distinct polypeptides 
have been reported (1,2,6-10). The protein composition of purified monooarti-
cles, which are considered as structural building blocks of hnRNP, is relati­
vely simple. 30 S particles from HeLa cells contain б major polypeptides, 
subdivided in three groups,each with two polypeptides,called А,В and С pro­
teins and ranging in molecular weight from 32,000-44,000 dalton (10-12). 
A higher level of structural organization of hnRNA has also been encoun­
tered. If endogenous nuclease and protease activity is prevented during iso­
lation, hnRNA can be isolated in association with a chromatin-free structural 
network, the nuclear matrix (13-16). The interaction between hnRNA and the 
matrix is probably mediated by the hnRNP C-proteins (16). Precursor RNAs as 
well as intermediates and products of processing have been found associated 
with hnRNP C-proteins, implicating that processing takes place while hnRNA is 
bound (17). 
The secondary structure of hnRNA has also been studied. Double stranded 
RNA regions were found to exist in native hnRNP and to be relatively accessi­
ble to enzymatic digestion (18-20). The function of these double stranded 
structures is still unresolved, but it is of interest that snRNAs appeared 
to be associated with hnRNP (21-23). In the case of Ul snRNA it has been pro­
posed that this RNA is involved in splicing by base pairing to splice junc­
tions in the hnRNA molecule (24-27). 
An important experimental approach in studying hnRNP structure involves 
limited nuclease digestion, which has been applied to determine the RNA se­
quences protected by and thereby associated with proteins. Although no dis­
crete sequence specificity was found using a total cellular hnRNP population 
(28), Munroe and Pederson (29) found, following this strategy, that mRNA se­
quences in hnRNP are compiexed with proteins. No discrete lengths of protein 
protected RNA were obtained upon limited ribonuclease digestion distinguishing 
hnRNP organization from the repeating subunit structure of chromatin (30). 
Even after mild nuclease treatment of hnRNP, pre-mRNA is preferentially pre­
sent in large hnRNP particles and not randomly distributed over small and 
large particles (5). Large particles might therefore be a distinct subclass 
of hnRNP in which splicing takes place, whereas monoparticles contain RNA 
confined to the nucleus. 
78 
In order to study hnRNP specifically and not be limited to the detection 
of only structural features, it is mandatory to isolate hnRNA-protei η com­
plexes containing specific RNA sequences. It is technically feasible to iso­
late intact pre-mRNA from hnRNP particles (31,32) and from nuclear matrix 
preparations, in which the hnRNA is also associated with a specific set of 
hnRNP proteins (16,17). Recently we have reported on the purification of 
photochemically cross-linked hnRNA-protein complexes by hybridization to im­
mobilized DNA probes (31,33,34). 
Electron microscopy has also been used to study the structural organiza­
tion of specific transcripts. Chromatin actively transcribed by RNA polymerase 
II obviously contains fibrillar hnRNP structures resembling "beads on a 
string" which extend away from the DNA-protein axis. The RNP configuration 
for products from the same transcription unit is similar and not random with 
respect to the RNA sequence (35,36). 
Steitz and Kamen (37) have studied RNP organization in 30 S particles con­
taining late polyoma transcripts and found that from these particles the poly­
oma intervening sequences were preferentially lost upon nuclease digestion. 
Also the experiments of Ohlsson et al. (31) indicate that within a specific 
RNA precursor there is a non-random protection of RNA sequences by RNP pro­
teins. 
In this study photochemical RNA-protein cross-linking in vivo was used to 
localize specific hnRNP proteins on late adenoviral transcripts. This experi­
mental approach was chosen to circumvent problems that can arise by non-spe­
cific binding of proteins to hnRNA or rearrangements of hnRNP during isolation. 
It enabled us to determine the localization of two distinct hnRNP proteins on 
pre-mRNA molecules. 
MATERIALS AND METHODS 
Isolation of photochemically cross-linked hnRNA-protein complexes 
HeLa S3 cells were cultured and infected with adenovirus type 2 as described 
(16,17,33). Cells 18 h post infection, were pulse labeled (15 min) with (10 
3 3 
yCi/ml) 5,6- H uridine and (10 pCi/ml) 5- H cytidine (Amersham International, 
specific activities 45 and 31 Ci/mmol, respectively). The cells were then 
concentrated and irradiated for 5 min with ultraviolet light (254 nm) as des­
cribed (16,38) to induce RNA-protein cross-linking. Subsequently nuclear ma­
trices containing more than 80% of the pulse labeled RNA were prepared follow-
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ing the procedure described by van Eekelen et al.(16). These matrices were 
dissolved by heating them for 2 min at 90oC in 1% SDS and the solubilized 
material was subsequently applied to an oli go dT-cellulose column to select 
for polyadenylated hnRNA and hnRNA-protein complexes (39). The selection pro­
cedure was performed twice. SnRNA or other small molecular weight RNA, possi­
bly base paired to hnRNA, was lost during this procedure by melting the sam­
ples before application to the oligo dT-cellulose column. 15-20% of the in-
3 
corporated H label applied to the column was present in the polyadenylated 
material. 
Preparation of the RNA probes 
Covaientiy linked polyadenylated hnRNA-protein complexes were treated with 
100 U/ml Micrococcal nuclease ( P&L Biochemicals Inc.) for 30 min at 370C to 
generate RNA fragments of lengths less than 100 nucleotides. After this di­
gestion two classes of RNA fragments can be distinguished: free RNA fragments 
and RNA fragments cross-linked to protein. These classes were carefully sepa­
rated by phenol/chloroform extraction as indicated in figure 1. The cross-
linked RNA fragments were subsequently deprotei ni zed (see fig. 1). Both RNA 
preparations, the cross-linked fragments (0) and the unlinked fragments (W), 
were stored dissolved in aqueous buffer, so that, when needed, portions could 
be taken for 5' end labeling and hybridization. Hybridization was performed 
under identical conditions for both RNA preparations and with exactly the 
3 
same quantities of RNA ( calculated from the H label incorporated in the 
RNA). After 5' end labeling (40) the reaction mixture was phenol/chloroform 
extracted and to the water phase tRNA (25 yg/ml), NaCl (200 mM) and 3 volumes 
of ethanol were added. After 1 h at -30oC the precipitated RNA was centri fuged 
(10 min, lO.OOOxg), then dissolved and precipitated again. This procedure 
32 
minimizes contamination of the probes with free γ- P-ATP . 
Preparation and hybridization of blots 
Adenoviral genomic DNA was isolated as described by Petterson and Sambrook 
(41). Plasmids were propagated in E.coli strain JA 221 and extracted and pu­
rified as described by Aleström et al. (42). All restriction enzymes were pur-
chased from Bethesda Research Lab.Inc.. Restriction digests containing DNA 
fragments larger than 1 kb were analyzed on agarose gels and the DNA was sub-
sequently transferred to nitrocellulose as described by Southern (43). Smaller 
DNA fragments (0.14-1.5 kb) were separated on mixed agarose/acrylamide gels 
(0.4% / 4%). After staining and photography, the gels were treated with 0.2 M 
NaOH and 0.6 M NaCl for 30 min and then washed extensively with 0.05 M phos-
phate buffer pH 6.8 (4x30 min).The DNA was then electrophoretically trans-
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ferred (16 h, 1 A) in this low salt buffer to Gene Screen (New England Nucle-
ar) using a Biorad Transblot Cell. All blots were baked at 80oC for 4 h in a 
vacuum oven. Gene Screen proved to bind small DNA fragments (140-1500 bp) 
efficiently under these conditions. The blots were prehybridized for 4 h at 
420C in 50% formami de, 5xSSC, 250 yg/ml ssDNA, 500 yg/ml yeast RNA, 5x 
Denhardts mix, 0.1% SDS, 10 mM phosphate buffer pH 6.5. Hybridization of the 
blots with endlabeled RNA fragments was for 24 h at 420C in a buffer of simi-
lar composition except that the concentrations of ssDNA (100 yg/ml), RNA 
(250 yg/ml) and Denhardts mix (2x) were reduced. The amount of DNA on the 
blots (5 yg/ lane) was always in large molar excess over the RNA probe (+ 10 
ng). After hybridization the blots were washed with hybridization buffer 
(2x 30 min at 420C), 2x SSC (2x 30 min at room temperature), 0.2xSSC (2x 30 
min at room temperature) then dried and exposed to X-ray film. The specifici-
ty of hybridization was etablished from the fact that plasmid DNA fragments 
never annealed with the RNA probes. 
Quantitative analysis of blot hybridization results 
To obtain a more quantitative interpretation of the extent of hybridization 
of the labeled probes 0 and W to the DNA bands on the blots, autoradiographs 
of these blots were scanned using a Vitatron TLD 100 densitometer. From these 
scans the relative intensity of each band as compared with the total inten-
sity of all bands together, was calculated. For example, band E of the Hin II/ 
Eco RI digest in fig.SA represents 12% of the total intensity on the autora-
di ograph when probe W is used, and 35% when probe CI is used. So the ratio 
(0/W) is 2.9, which indicates an about 3-fold overrepresentation of RNA com-
plementary to this part of the DNA in cross-linked RNA. Autoradiographs were 
used only when the intensity of the bands was proportional to the exposure 
time. Scanning of autoradiographs exposed for different periods of time resul-
ted in the same relative intensities for the individual bands, within the 
experimental error (< 10%). 
RESULTS 
Characterization of proteins cross-linked to hnRNA 
Ultraviolet light induced RNA-protein cross-linking, performed on intact 
cells, is a specific way of identifying the proteins that interact with RNA. 
With this method copurification of proteins non-specifically associated with 
RNA can be avoided (38). For the detection of the cross-linked proteins either 
35 3 
S methionine labeling of cellular proteins or indirect labeling using H 
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Figure 2. Analysis of polypeptides cross-linked to 
poly A containing hnRNA. Covalently linked poly A(+) 
hnRNA-protein complexes, isolated as described in the 
Materials and Methods section, were incubated with 
92*- RNase Tl and the resulting Tl-oligonucleotide-protein 
complexes were 5' end labeled and analyzed on 13% SDS 
ß8»- Polyacrylamide gels as described (34). The molecular 
weight of marker proteins (xl0"3), run on the same 
gel, are indicated. Lane 1: 32p labeled, hnRNA deri-
45*" .. ved, oligonucleotide-protein complex. Lane 2: as lane 
ш 1, after extensive treatment with RNase A. 
20« 
1 2 
nucleosides was used (16,17,38,44). Recently we showed that an in vitro la-
32 beling procedure, in which γ- P-ATP and polynucleotide kinase are used to 5 
end label RNase Tl treated RNA-protein complexes, can be used to enhance the 
sensitivity of detecting cross-linked proteins (31,34). Figure 2 shows an 
example of such an experiment where proteins cross-linked to hnRNA of cells 
32 
late after infection with adenovirus were identified using in vitro Ρ labe­
ling. Polypeptides of 42,000 dalton in molecular weight are the most promi-
3 
nent proteins. In earlier studies using Η labeling we have shown that this 
class of proteins consists of two polypeptides with molecular weights of 
41.500 and 43,000, which correspond to hnRNP C-proteins (16). Both adenoviral 
andhost hnRNA are associated with these polypeptides (17,31,33). 
Isolation of RNA fragments linked to hnRNP proteins 
We took advantage of the simple protein composition of cross-linked hnRNP in 
determining the localization of the proteins on adenoviral hnRNA. To isolate 
the RNA fragments around the covai ent linkage site between RNA and protein, 
the complexes were partially digested with Micrococcal nuclease (see fig.l). 
3 
This digestion was monitored making use of the Η label, incorporated in the 
3 
hnRNA prior to UV-irradiation and harvesting. The distribution of the Η label 
between the water phase on one hand and the phenol and interphase on the other 
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after nuclease degradation reflects the extent of degradation. In the optimal 
3 
case (fig.l) around 4% of the H label, compared with undigested samples, 
moved into the organic plus interphase fraction. Since probably more than one 
polypeptide is linked to each RNA molecule, a cross-linked RNA fragment con­
stitutes on the average less than 4% of the length of the original RNA mole­
cule. As the hnRNA-protein complexes were treated with SDS during oli go dT-
cellulose selection, the RNA and protein interact only at the covalent at­
tachment site and no protection of the RNA against nucleases by linked pro­
teins is to be expected. This is demonstrated in figure 3, in which the two 
endlabeled probes (0 and W, Organic phase RNA fragments, containing cross-
linked RNA, and Water phase RNA, unlinked RNA) were ana­
lyzed on acryl ami de gels. Both probes have similar 
length distributions. Fig.3, lane С show the gel pattern 
obtained when a sample from a control 5' endlabeling 
reaction , in which no RNA was added, was applied. The 
oligonucleotide bands in this lane represent probably 
32 
contaminations in commercial γ- P-ATP preparations or 
polymerization products of ATP generated during the in­
cubation with polynucleotide kinase. The mean length of 
both RNA probes are therefore 10 to 30 nucleotides. 
Since partial degradation of the RNA fragments during 5' 
endlabeliag occurs, the original length of the isolated 
RNA fragments will be slightly larger. 
:« 
I 
Figure 3. Determination of the length of the RNA probes. 
From HeLa cells 18 h post infection with adenovirus type 
%, polyadenylated hnRNA-protein complexes were prepared. 
These complexes were fragmented by partial digestion 
with Micrococcal nuclease and the protein-linked (0) and 
unlinked fragments (W) were isolated and S'endlabeTed as 
depicted in figure 1. Samples of these probes were ap­
plied onto a 20% acryl ami de, 7 M urea gel. The figure 
shows an autoradiograph of such a gel. The figures cor­
respond to the lengths in nucleotides of marker molecu­
les. Lane C: control, consisting of a sample prepared 
from a reaction mixture, to which no RNA was added. Lane 
0: endlabeled cross-linked RNA fragments. Lane W: end-
Tabeled unlinked RNA fragments. 
c o w 
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Localization of cross-linked RNA fragments on the adenoviraT genome 
To study the structural organization of specific transcripts we used cells 
late in adenovirus infection. A majority of the transcripts is virus specific 
at this time and the processing pathways of these transcripts is also known. 
Most transcripts are derived from the major late promoter and processing of 
these pre-mRNAs results in five families of 3' coterminal mRNAs. These mRNAs 
contain a 5' multiple leader region spliced to a body containing the coding 
RNA (50). 
The hybridization patterns of the labeled RNA probes W and 0^  to blots with 
adeno DNA restriction fragments resulting from cleavage with Xho I and Hind 
III are shown in figure 4. For comparison the hybridization patterns of poly-
adenylated cytoplasmic mRNA (fragmented with Micrococcal nuclease as for 
hnRNA) to the same blots are shown, 
Figure 4. Localization of cross-linked 
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First, the composition of the hnRNA probes is different from that of the mRNA 
probes. For example, the Hind Ш В fragment is recognized strongly by the 
hnRNA probes and only weakly by the mRNA probes, when compared with the hy­
bridization to the Hind III A fragment. On the Xho I blot, hnRNA fragments 
hybridize strongly to A,F and G fragments and weakly to B/D/C and E when com­
pared with mRNA fragments. This pattern is expected if the polyadenylated 
hnRNA consists predominantly of precursor RNA and intermediates of RNA proces-
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sing, which both contain intervening sequences between the three leader seg­
ments or between the third leader and the body of the mRNAs. The nuclear RNA 
was not contaminated with cytoplasmic mRNA as revealed by RNA-protein cross-
linking experiments, because other polypeptides are cross-linked to mRNA than 
to hnRNA (44). The main polypeptide cross-linked to poly A(+)mRNA is a 52,000 
dalton protein (34,38). This polypeptide is readily detected when comparable 
amounts of cross-linked mRNA-protein were analyzed (34), but was not found 
among the hnRNA-1inked proteins (fig.2). 
From the hybridization patterns of figure 4 it can be deduced that cross-
linked RNA fragments (0) annealed to all DNA fragments corresponding to se­
quences that are known to be expressed and present in poly A(+)hnRNA at this 
time after infection (from 16.2-91.5 m.u.). This means that RNP proteins are 
associated with the late transcripts at several locations from the 5' to the 
3' end of the RNA (see fig.4). These results were confirmed by hybridization 
of the same probes to Southern blots of adeno DNA fragments using other re­
striction enzymes (Bgl II, Eco RI)(data not shown). The main difference be­
tween the probe 0 and W seemed to be that the region from 30-50 m.u. was re­
latively underrepresented in the cross-linked RNA, but the region around the 
tripartite leader represented by the Hind HI В fragment and the Xho G frag­
ment were found to be cross-linked more frequently. 
Localization of the protein-linked RNA fragments within the Hind III В region 
In order to map the RNA-protein cross-linking sites more accurately we decided 
to investigate the part of the transcripts derived from the Hind III В region 
(16.8-31.5 m.u.) in more detail. Intron and exons have been exactly defined in 
this region (50). Exons are found in the leaders 2,3, the i-leader, and the 
region from 30.0 m.u. to 31.5 m.u. which encode late region 1 RNAs (for map 
see fig.4B and 5B). Other sequences represent intervening sequences. In this 
study we have considered 30.0 m.u. as the most extended 5' end of the late 
region 1 mRNA-bodies, although less abundant RNAs, whose translation products 
have not yet been identified, map with their 5' end of the body at 26.4 or 
28.4 m.u. (45). Hybridization patterns of the probes 0 and W to blots of small 
restriction fragments of a pi asmid containing the Hind III В fragment are 
shown in figure 5A. Plasmid DNA bands (pBR 322) show no hybridization with 
either RNA probe. Furthermore it is clear that not all adeno DNA containing 
bands, even when they are of similar size, are recognized to the same extent 
(see discussion). Only in two cases the level of hybridization to DNA bands 
can be low, due to poor recovery of the DNA on the Gene Screen, namely in the 
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Figure 5. Fine mapping of protein linked hnRNA fragments within the Hind III 
В region of the adeno genome. A. Hybridization patterns of the RNA probes 0 
and W to blots of restriction ïïigests of pBR 322 pi asmid, containing the 
НіпсГіІІ В fragment of adeno DNA in its Hind III site. The restriction enzymes 
used are indicated in the figure. The letters next to the hybridization pat­
terns correspond to the positions of ethidium bromide stained DNA bands. Blot­
ting of DNA fragments from 1.5% agarose gels was performed onto nitrocellulose 
in the case of Xho/Bgl/liind and Sac/Hind digestion. In all other cases, where 
smaller DNAs were separated, electrophoretic transfer of the DNA fragments from 
mixed 4% acryl amide/0.4% agarose gels to Gene Screen was used, 
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Figure 5B. Schematic representation of relative over or underrepresentation 
of regions within the Hind III В fragment in cross-linked RNA compared with 
unlinked RNA. The hatched blocks represent relative over (+) or underrepre­
sentation (-) depending on their position to the zero level. The scale used 
to quantify this ratio 0/W is shown on the left. The level of over or under­
representation is calculated as described-in the Materials and Methods sec­
tion and forms the quantitative interpretation of the experiments shown in 
figure 5A. The lower line is obtained by adding up the hatched blocks for the 
different areas and depicts total over or underrepresentation of cross-linked 
hnRNA compared with unlinked RNA (total 0/W). 
case of band S of the Taq/Eco RI digest and band S in the Sau ЗА digest, be­
cause of the limited lengths of these fragments (142 and 105 bp, respective­
ly). 
Concerning the localization of the cross-linked hnRNP C-proteins on late 
adenoviral RNA precursors, figure 5B shows the differences in hybridization 
patterns of the cross-linked RNA fragments 0 and unlinked RNA fragments W in 
a schematic representation. The intensity of hybridization of probe 0 is ex­
pressed in blocks above (+) or below (-) the zero level depending on whether 
the 0 probe hybridized more or less than the W probe. This was quantitated 
as described in the Materials and Methods section.In duplicate experiments, 
using independently prepared RNA probes, similar results were obtained (data 
not shown).The lower line of the scheme summarizes the interpretation of the 
five hybridization experiments, by adding up the hatched blocks. This gives a 
general picture where the cross-linked RNA fragments are localized on the ge­
nome and therefore identifies the preferred binding sites for hnRNP C-proteins 
on late adenoviral transcripts. 
Cross-linking efficiency of exons versus introns 
Exact mapping of the RNA fragments cross-linked to hnRNP proteins with respect 
to the leader sequences is not possible in the experimental set up shown in 
fig.5 because of the small size of the leaders (41,72 and 90 nucleotides). 
Therefore another approach was used to determine if leader sequences are un­
der or overrepresented in cross-linked RNA compared with the introns between 
them. For this analysis blots were prepared from a gel,on which the F and G 
fragments of Xho I restricted adeno DNA, mapping at 15.5-22.4 and 22.4-26.4 
m.u. and a plasmid containing cDNA derived from fiber mRNA (a kind gift of Dr. 
M.Mathews, see Zain et al. (47)),digested with Sal I and Xho I , had been 
electrophoresed. The latter digestion gives a fragment containing PBR sequen­
ces and 169 nucleotides of cDNA sequence, consisting of leader 1,2 and the 
5' part of leader 3 (band Ρ in figure 6). This fragment contains exactly 
those exon sequences which are present in the genomic Xho fragments F and G, 
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Figure 6. Relative cross-linking effi­
ciency of introns versus exons. To a 
solution of purified Xho F and G frag­
ments of adeno DNA, an equimolar amount 
of the fiber cDNA containing pi asmid 
(pJAW 43) cleaved with Sal I and Xho I 
was added. This mixture was analyzed on 
1.2% agarose gel and the part of the 
gel containing the Xho fragment and the 
smaller pi asmid band (P) was blotted to 
Gene Screen.Band Ρ contains pBR sequen­
ces and 169 nucleotides of cDNA (lea­
ders 1,2 and part óf leader 3)The figure 
shows hybridization patterns of the RNA 
probes to these blots. 
W О 
namely leader 1 and 2 in fragment F and the 5' 56 nucleotides of leader 3 in 
fragment G. The hybridization patterns of probes 0 and W to this blot (fig.6) 
show about equal hybridization of both probes to band P, when compared to the 
combined hybridization to F and G. The relative amounts of hybridization of 
both probes to band Ρ on the blots were determined by densitometri с scanning 
of two sets of autoradiographs (prepared independently). Probe W hybridized 
to band Ρ for 7 + 2 % , probe 0 for 9 + 2 % . This result indicates that the lea­
der sequences were cross-linked to protein in about equal proportion compared 
with the intervening sequences between them. Thus, the overrepresentation of 
RNA complementary to the Xho G fragment (see fig.4 and 6) is due to the pre­
sence of cross-linked intervening sequences and not to the presence of exon 
sequences only. 
Since equal amounts of leader sequences are present in band Ρ as in the 
Xho F and G fragments together, and since hybridization of the hnRNA probes 
is predominantly to the genomic DNA fragments, the major part (>90%) of the 
RNA in linked and unlinked form must be derived from intervening sequences 
and i-leader. 
DISCUSSION 
To isolate hnRNA sequences associated with RNP proteins we used ultraviolet 
light for cross-linking hnRNA to its associated proteins in vivo. Since the 
hnRNP C-proteins (Mr 42,000-44,000) are almost exclusively cross-linked to 
_ X h o F 
_ P (cDNA) 
- X h o G 
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host as well as adenoviral hnRNA (16,17,33), these polypeptides can be loca­
lized on the RNA. This approach might provide more unambiguous information a-
. bout RNP structure compared with a method used by other investi gators .who stu­
died the structural organization by analyzing sequences protected against 
RNase degradation by proteins in 30 S particles containing polyoma trans­
cripts (37) or hnRNP complexes containing early adenovirus transcripts (31). 
The advantage of using cross-linking instead of RNase protection is the pos­
sibility to isolate directly the RNA fragments linked with specific polypep­
tides in vivo, whereas in protection experiments RNA is associated with seve­
ral proteins. Moreover it is possible that RNA sequences specifically inter­
acting with proteins are not detected in the RNase protection experiments, 
because the RNA might be located at the outside of the RNP complexes and is 
then accessible to degrading enzymes. 
To facilitate the localization of the proteins on the RNA sequences we have 
used late adenovirus infected cells, in which the majority of ttie transcripts 
(60%) is virus specific (48). In previous papers we have shown that the RNP 
organization of adenoviral transcripts is similar to those of host transcripts 
(17,33). Most viral RNAs isolated are derived from the major late promoter. 
Although the high amount of late viral transcripts is an important advantage 
in detecting RNA sequences specifically associated with RNP proteins, the sys­
tem has also its drawbacks. The hnRNA fragments, which extend to the right of 
30.0 m.u. on the genome,cannot be identified as introns or exons, because de­
pending on the polyadenylation site and the splicing pattern of the trans­
cripts the same sequence may be represented in both forms. We therefore deci­
ded to look in more detail in the region of the leader sequences, where more 
defined intron and exon sequences are available. Also in this region the popu­
lation of RNA is heterogeneous. Possibly hnRNP structure changes upon proces­
sing of the RNA, so this type of study may not elucidate the RNP structure for 
a single transcript. The heterogeneity of the RNA can be observed in the hy­
bridization patterns shown in figure 5A, from which it is clear that not all 
adeno DNA bands from the Hind Ш В region, even when they are of similar size, 
are recognized to the same extent. This would have been expected if only pre­
cursor RNA, containing the entire Hind III В sequence, was present in the iso­
lated poly A(+)hnRNA. If only fully processed RNA would have been present, 
only exons would hybridize. That this is not the case is evident from the hy­
bridization of "pure" intron regions, as for example represented in the frag­
ments H and M in the Taq I/Eco RI digest, bands H,M and К on the Hin II/Eco RI 
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digest and band E of the Sau ЗА digest. From the total hybridization pattern 
it is evident that RNA complementary to the right part of the Hind III В 
fragment is extremely overrepresented as compared with the RNA from the left 
part. The explanation for this phenomenon probably is, that splicing of the 
intervening sequences in the left part of the RNA occurs before cleavage in 
more rightward located sequences. Splicing appears to occur in the 5' to 3' 
direction as was shown by Keohavong et al. (46) and we have found recently, 
using SI nuclease mapping, that cleavage of the transcripts between leader 1 
and 2 is an early event proceeding other cleavage steps (E.Mariman et al., 
manuscript in preparation). The major portion of the RNA used in this study 
has therefore probably been spliced or at least cleaved between the leaders 
1 and 2, while the cleavage in the sequences between the leaders 2 and 3 and 
more often between leader 3 and the body of the mRNA is a slower process. 
Since the length of the cross-linked and unlinked RNA probes (see figure 
3) is very small the RNP proteins can theoretically be localized with high 
accuracy ( within less than 100 nucleotides). To attain a high resolution the 
restriction fragments on the blots should also be very small. Electrophoretic 
blotting of DNA fragments between 1500 and 150 bp from acryl amide/agarose gels 
to Gene Screen was used for this purpose and proved to be efficient. 
The main conclusions from our experiments are: 
- hnRNP C-proteins can be cross-linked to nucleotides over the entire length 
of late adenoviral transcripts, not at one or a few discrete sites(fig.4). 
- The distribution of these cross-linked hnRNP proteins along the viral pre-
mRNAs is not random with respect to the RNA sequence (fig.5). 
- Fine mapping of protein-linked RNA fragments within the Hind III В fragment 
of the adenoviral genome reveals regions that are overrepresented and regi­
ons strongly underrepresented as compared with unlinked RNA. Overrepresented 
regions are localized around the 3' end of the i-leader and around leader 3. 
The underrepresented regions are found in the part of the genome encoding 
VA I and VA II RNA and the late region 1 RNAs (fig.SB). 
- Leader sequences as well as the intervening sequences between them can be 
cross-linked to proteins. Intron and exon sequences are equally represented 
in cross-linked RNA compared with unlinked RNA (fig.б). 
Our results do not seem to support a simple concept of RNP structural organi­
zation, in which intron or exon sequences are specifically present in RNP 
structures. Protected hnRNA sequences complementary to a splice junction in an 
early adenoviral precursor RNA and protected RNA sequences in the middle of an 
intron were described by Ohlsson et al. (31). On the other hand, in protection 
91 
experiments in which polyoma pre-mRNA sequences packed in 30 S particles were 
analyzed, mRNA sequences were preferentially protected (37). 
The efficiency of cross-linking of the C-proteins to hnRNA and the fact 
that they are cross-linked to various parts of the viral transcripts, indica-
tes that probably more than one of these polyeptides are associated with each 
molecule of RNA. This is corroborated by electron microscopy data, in which 
more than one RNP particle is usually found per transcript (32,49). The re- • 
suits from electron microscopy experiments studying nascent transcripts and 
their RNP structure agree with our main conclusion that RNP structure in well 
defined transcripts is not random and also sequence dependent. The morphology 
of RNP structures of late adenoviral nascent transcripts has recently been 
studied in more detail, and reveals non-randomly arranged RNP structures and 
a hairpin loop at the 5' end (leader region)(A.Beyer, personnal communication). 
Our results seem in good agreement with these data, although the presence of 
processing products and processing intermediates in our RNA does not allow 
detailed comparison. To study hnRNP structure it, therefore, appears advice-
ble to isolate homogeneous populations of transcripts. Nascent late adenovi-
ral transcripts, which can be isolated as a part of transcription complexes in 
association with the viral DNA (51), might provide such a population. 
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Summary 
In nuclei of eukaryotic cells transcripts are produced by RNA polymerase II which, 
in order to be able to function as messenger RNA in the cytoplasm, have to undergo 
modification processes such as capping, methylation, polyadenylation and splicing. 
These processes do not take place on naked RNA molecules freely floating in the nu­
cleoplasm, since proteins already bind to the pre-mRNA molecules during transcrip­
tion. Furthermore, as is evident from literature data and from our own experiments, 
in the cell nucleus there exists a structural network, generally referred to as 
nuclear matrix, to which the hnRNA molecules are bound. This proteinaceous structure 
can be obtained from isolated HeLa nuclei by removal of lipids»molecules in solution, 
RNA and DNA and their associated proteins by subsequent treatments with detergents, 
RNase, DNase and high salt solution. In many nuclear processes this structure ap­
pears to play an important role. In chapter 3 it is described that intact pre-
mRNA molecules are almost quantitatively associated with isolated matrix struc­
tures. Specific polypeptides, which have been identified as hnRNP proteins, are 
associated with the hnRNA on the matrices. Of these proteins the A and В proteins 
do not interact with the matrix directly, whereas the hnRNP C-proteins (Mr 41,500 
and 43,000) are tightly attached to hnRNA as well as to the matrix and thus might 
function in the interaction between hnRNA and the matrix. 
By irradiation of intact cells with ultraviolet light the C-proteins can be cova-
lently linked to hnRNA. This preferential cross-linking shows that these proteins 
directly interact with the RNA in vivo. Because the C-proteins are the only proteins 
that cross-link efficiently to hnRNA,experiments have been designed to answer the 
questions to which RNAs these proteins are bound and which sequences of the RNA are 
involved in the binding (Chapters 4 and 7). 
In order to study the interaction between pre-mRNAs and C-proteins, it is neces­
sary to use an RNA population less complex in composition than total HeLa nuclear 
RNA. For this purpose HeLa cells,late after infection with adenovirus type 2, which 
synthesize predominantly vi rus-specific transcripts, are used. In Chapter 4 it is 
shown that adenovirus-specific RNA, cross-linked to its associated proteins by UV 
irradiation, can be isolated in a highly purified form via hybridization to immobi­
lized adenovirus DNA. In addition to being attached to the matrix, as is the case 
with host hnRNA, vi rus-specific pre-mRNAs are shown to be associated with host hnRNP 
C-proteins as well. Further studies (E.Mariman et al. 1982, J.Mol.Biol. 154, 103-119) 
showed that precursors, intermediates and products of RNA processing are matrix 
associated and can be linked to C-proteins. This indicates that hnRNA during proces­
sing is bound to both matrix and specific RNP proteins. 
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Considering the above and knowing that adenovirus specific cytoplasmic mRNA is 
associated with the same proteins as HeLa mRNA (van Venrooij et al. 1982, FEBS let-
ters 145, 62-67), the use of HeLa cells infected with adenovirus and the study of 
the structural organization of specific viral RNAs as a model for cellular RNAs, 
seems to be justified. 
The use of tritiated nucleosides for the labeling of covaiently linked hnRNA-pro-
tein complexes enables the detection of RNA-1inked proteins via the label remaining 
in the covalently attached nucleotides after RNase treatment of the complex. By of-
fering each of four labeled nucleotides to separate portions of cells and subsequent 
analysis of proteins photochemically linked to hnRNA and mRNA, it is found that 
hnRNP C-proteins link specifically to uridine and cytidine, but not to adenosine 
and guanosine (Chapter 5). On the other hand an mRNA associated polypeptide (Mr 
52,000) is detected with equal efficiency independent of the tritiated nucleoside 
used. This points to a sequence-specific binding of hnRNP proteins. Furthermore, 
these experiments demonstrate unambiguously that mRNA and hnRNA associated proteins 
are different and that hnRNA isolated from nuclear matrices is not significantly 
contaminated with cytoplasmic mRNA. 
The applicability of photochemical RNA-protein cross-linking is enhanced by in-
creasing the sensitivity of detection of the cross-linked proteins by in vitro labe-
32 ling with P. This in vitro labeling procedure in combination with the possibility 
to isolate specific RNA-protein complexes using hybridization to immobilized DNA, 
enables the detection of proteins associated with specific RNAs, as is described for 
VA RNA in Chapter 6. 
In Chapter 7 the experiments performed to localize hnRNP C-proteins on late adeno-
viral nuclear RNAs in the region of the leader sequences, are presented. The proteins 
are found to be non-randomly bound to the RNA. Certain sequences are strongly over-
and others strongly underrepresented upon analysis of the RNA sequences that can be 
cross-linked to RNP proteins. Introns as well as exons are linked to protein, indica-
ting that the relation between RNP organization and RNA processing is not in such a 
way that only the leader sequences (exons) or only the intervening sequences are com-
pi exed with proteins. In cooperation with R.Ohlsson and coworkers (Nucleic Acids Res. 
1982, 10, 3053-3068) discrete sequences of an early adenoviral pre-mRNA protected 
against RNase by RNP proteins were found. Although these experiments for the first 
time show the sequence- specific interaction of RNP proteins to hnRNA on a molecular 
level, data on the structural organization of more transcripts will be necessary to 
reveal the apparently complex relation between RNP structure and RNA processing. 
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Sanienvatti ng 
In de kern van eukaryotische cellen worden door het KNA polymerase II transcripten 
gemaakt die, om te kunnen functioneren als boodschapper RNA (mRNA) in het cytoplasme 
een aantal veranderingen moeten ondergaan, zoals "capping", methylering, poly-adeny-
lering en"splicing". Deze processen vinden niet plaats op kale RNA molekulen die vrij 
in oplossing in het kernplasma voorkomen. Ten eerste binden eiwitten zich al tijdens 
de transcriptie aan de pre-mRNA molekulen. Verder blijkt uit literatuur gegevens en 
eigen experimenten, beschreven in de hoofdstukken 1 en 2 van dit proefschrift, dat in 
de eukaryotische cel een struktureel netwerk, de kernmatrix, bestaat. Deze eiwitstruk-
tuur kan verkregen worden uit geïsoleerde HeLa kernen door verwijdering van lipiden, 
alle molekulen in oplossing, en RNA en DNA en hun geassocieerde eiwitten, door opeen-
volgende behandelingen met detergentia, RNase, DNase en hoog-zoutoplossing . Bij vele 
processen die zich in de kern afspelen lijkt deze struktuur een belangrijke rol te 
spelen. Zo wordt in hoofdstuk 3 beschreven dat intakte pre-mRNA molekulen vrijwel 
kwantitatief zijn geassocieerd met geïsoleerde kernmatrices. In de matrixstruktuur 
zijn aan het hnRNA specifieke polypeptides gebonden die als hnRNP-eiwitten konden 
worden geïdentificeerd. Van deze eiwitten blijken een aantal (de A en В Polypeptiden) 
geen interaktie te vertonen met de kernmatrix, terwijl andere sterk gebonden zijn aan 
zowel hnRNA als de matrix. Deze laatste, de hnRNP C-eiwitten (met molekuulgewichten 
van 41.500 en 43.000 dalton), zouden dus een funktie vervullen bij de interaktie tus­
sen matrix en hnRNA. 
De C-eiwitten kunnen door bestraling van intakte cellen met ultraviolet licht 
(254 nm) kovalent gekoppeld worden aan hnRNA. Deze preferentiële koppeling toont aan 
dat deze eiwitten in vivo een rechtstreekse interaktie hebben met het RNA. Omdat deze 
eiwitten in feite de enige eiwitten zijn die o.i.v. UV licht efficient koppelen aan 
hnRNA, maakt dit bestudering mogelijk van de vraag aan welke RNAs en wââr op deze RNAs 
de eiwitten gebonden zijn (hoofdstukken 4 en 7). 
Om de interaktie tussen pre-mRNAs en C-eiwitten te bestuderen, is het noodzakelijk 
te werken met een RNA populatie, die minder komplex van samenstelling is dan totaal 
HeLa kern RNA. In verdere studies is daarom gekozen voor het gebruik van HeLa cellen 
geinfekteerd met adenovirus type 2, die laat na infektie in hoge mate (60%) virus-
specifieke transcripten aanmaken. In hoofdstuk 4 wordt aangetoond dat adenovirus-spe-
cifiek RNA, d.m.v. UV licht gekoppeld aan eiwit, in sterk gezuiverde vorm geïsoleerd 
kan worden via hybridisatie aan geimmobil iseerd adenovirus DNA. Virus-specifieke pre-
mRNAs, evenals gastheer hnRNA gebonden aan de kernmatrix, blijken eveneens geassoci-
eerd met gastheer hnRNP C-eiwitten. Verdere studies (E.Mariman et al. 1982, J.Mol. 
Biol. 154, 103-119) hebben aangetoond dat precursors, intermediai ren en Produkten van 
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RNA processing geassocieerd zijn met de kernmatrix en gekoppeld worden aan de C-ei-
witten. Dit geeft aan dat hnRNA gedurende de "processing" gebonden is aan de kernma-
trix en aan speci fiekeRNP eiwitten. 
Bovenstaande resultaten in overweging nemend en in de wetenschap dat ook adeno-
virus specifiek cytoplasmatisch mRNA geassocieerd is met dezelfde eiwitten als HeLa 
mRNA (van Venrooij et al. 1982, FEBS letters 145, 62-67), lijkt het gebruik van HeLa 
cellen geinfekteerd met adenovirus , en de bestudering van de RNP organisatie van spe-
cifieke virale RNAs als model voor normale cellulaire RNAs, gerechtvaardigd. 
Het gebruik van getritieerde nucleosiden voor de labeling van kovalent gekoppelde 
hnRNA-eiwit komplexen maakt de detektie van de gekoppelde RNP-eiwitten mogelijk via de 
radioaktiviteit die resteert in de kovalent gebonden nucleotiden naRNase behandeling 
van het komplex. Door elk van dévier getritieerde nucleosiden afzonderlijk als RNA 
bouwsteen aan te bieden en vervolgens de o.i.V. UV licht aan hnRNA en mRNA gekoppelde 
eiwitten te analyseren, blijkt dat de hnRNP C-eiwitten specifiek koppelen met uridine 
en cytidine en niet gedetekteerd kunnen worden m.b.v. adenosine en guanosi ne(hoofd-
stuk 5). Omdat anderzijds bleek dat andere Polypeptiden (bijv. een 52.000 dalton mRNP 
eiwit) met ongeveer gelijke efficiëntie gedetekteerd worden, onafhankelijk welk getri-
tieerd nucleoside gebruikt werd, duidt dit op een sequentie-specifieke binding van 
deze hnRNP eiwitten. Deze experimenten tonen ook duidelijk aan dat de belangrijkste 
eiwitten geassocieerd met mRNA en hnRNA verschillend zijn en verder laten ze zien dat 
hnRNA, geïsoleerd uit kernmatrices, niet in belangrijke mate verontreinigd is met 
mRNA. 
De toepassingsmogelijkheden van de fotochemische RNA-eiwit koppeling worden ver-
ruimd door verhoging van de detektiegevoeligheid voor de gekoppelde eiwitten door in 
32 
vitro labeling met P. Deze in vitro labelings-methode gecombineerd met de mogelijk-
heden tot isolatie van kovalent gebonden RNA-eiwit komplexen via hybridisatie aan 
geimmobiliseerd DNA, maakt het mogelijk eiwitten geassocieerd met specifieke RNAs te 
detekteren, zoals in hoodstuk б beschreven is voor VA RNA. 
Experimenten ter bepaling van de lokalisatie van hnRNP C-eiwitten op late adeno-
virale kern RNAs in het gebied van de"leader" sequenties worden beschreven in hoofd­
stuk 7. De eiwitten blijken niet lukraak ergens op het RNA gebonden te zijn, maar 
bepaalde gedeelten van het RNA zijn sterk over- en andere sterk ondervertegenwoordigd 
wanneer geanalyseerd wordt welke RNA sequenties gekoppeld kunnen worden aan RNP-ei­
witten. Zowel intronen als exonen blijken met eiwitten geassocieerd, hetgeen duide­
lijk maakt, dat de relatie tussen RNP organisatie en RNA processing niet zodanig is 
dat alléén de leader sequenties of alléén de daar tussen liggende intronen geassoci-
eerd zijn met eiwit. In samenwerking met Ohlsson et al. (Nucleic Acids Res., 1982, 
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10, 3053-3068) werden diskrete door RNP-eiwit beschermde delen gevonden in een vroeg 
adenovirus pre-mRNA, Hoewel door deze experimenten voor het eerst op molekulair niveau 
de sequentie-afhankelijke binding van RNP-eiwitten aan hnRNA wordt aangetoond, zal 
informatie over de strukturele organisatie van meer transcripten nodig zijn om de 
blijkbaar komplexe relatie tussen RNP struktuur en RNA processing te kunnen achter-
halen. 
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